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G E N E R A L  IN T R O D U C T IO N
Io n  exchange can ta k e  plac© w ith  any e le c t r o ly te ,  In which th e  
ions o f  one sign a re  bound 2 o r  in c o rp o ra te d  in to  an insoluble 
m a tr ix 5 w hile th o s e  o f  th e  o p posite  sign a re  f r e e  to  
d isso c ia te  in to  so lu tion* T h e  d eg ree  o f  d issociation  o f  th e s e  
c o u n te r  Ions 9 o r  gsgenions9 in to  w a te r  is no rm ally  v e ry  sm all 9 
due to  th e  fo rm a tio n  o f  an e le c tr ic a l double la y e r  a t  th e  
s o lid /s o lu tio n  in t e r f a c e 0 Io n s  o f  th e  double la y e r  may be 
considered in dynam ic equilibrium  w ith  th o s e  in th e  exchangero
When soluble © alts  a re  In tro d u ced  in to  th e  aqueons phase 9
tons o f  th e  sam e charge  as th e  o rig in a l c o u n te r lo n es mix w ith  
and rep lace  th o s e  o f  th e  double la v e r*  subsequently e n te rin gis  U  J  W
th e  solid phaseo T h is  is th e  basis o f  a ll Ion exchange  
processeso
T h e  d isco very  o f  Ion exchange in 1850 is genera lly
f 2 ) (2 ) (3 )
a t t r ib u te d  to  Thom pson '  and W ay 9 9 tw o  B r it is h
a g r ic u ltu ra l ch em is ts  a I t  w as f i r s t  observed  in soil samples „
and tr a c e d  p rin c ipa lly  to  th e  alumlno s ilic a te  c o n te n t a lthough
evidence also e x is ts  now  f o r  ion exchange p ro p e rt ie s  asso cia ted
f  A ) /q)
w ith  soil humuso In  18769 L em b erg * '  d iscovered  t h a t  th e  
m inera l leueit®  could be t ra n s fo rm e d  In to  analc it©  by leaching
w ith  sodium chloride y e f fe c t iv e ly  s u b s titu tin g  sodium fo r  
potassium  ton Sn th e  s ilic a te  m a tr ix  and so s tre s s in g  th e
s tio c h lo m e try  o f  exchange p ro c e s s c N o t?  h o w e v e r0 u n til
<2
th e  beginning o f  th e  tw e n t ie th  c e n tu ry  w as ion exchange used
(e) (?)In d u stria llyo  S tu d ie s  by G ans '  on n a tu ra l and s y n th e tic
aluminium s ilic a te s  ? o r  p e rm u tlte s  9 w e re  probab ly  th e  m o st 
w o rth w h ile  a t te m p ts  to  u tilis e  exchange f o r  th is  purposeo
With, th e  d e te rm in a tio n  o f  th e  c r y s ta l s t ru c tu r e s  o f  m icas and
c la y s 3 by Pauling* °J* * and B ra g J *5^  9 c o rre la tio n  b e tw ee n
ion exchange p ro p e r t ie s  and s t r u c tu r e  becam e possib le& giving
a  much c le a re r  u n ders tand ing  o f  th e  Ion exchange p ro cess  on
• ( l l )  (22)
- s ilic a te s  9 which cu lm inated  m th e  re s e a rc h e s  © f M attso n  “ '
( xs)  . (14), (25), (26)B a r r e r  9 and, T h o m as  =
A s  com m ercia l e x p lo ita tio n  o f  th e s e  siliceous exchangers
w as a t te m p te d  j th e ir  lim ita tio n s  becam e ©von mor© apparent© "
In  p a r t ic u la r  j th e y  w e re  found to  be chem ically u n stab le  in
acidic o r  basic solu tions 9 and because o f  th e ir  c lo s e -k n it
chem ical s t r u c tu r e *  o f te n  exh ib ited  low  cap acities  and r a te s  o f
exchange © R e c e n tly  9 t h e r e f o r e 9 in te r e s t  moved to  s y n th e tic
organic  re s in  exch an g ers 9 f o r  th e o re t ic a l as well as p ra c tic a l
s tu d ies  ©
O rgan ic  exchangers a re  found to  o.eeur n a tu ra lly  In s o il5 
in asso cia tio n  w ith  humus ? which I® an In d e fin ite  organic  colloid 9 
d erived  fro m  th e  decay o f  p la n t residues© I t  is genera lly  
assum ed t h a t  th e  exchange p ro p e r t ie s  o f  th is  m a te r ia l a re  due 
to  th e  p resen ce  o f  decom position p ro d u c ts  o f  cellulose contain ing
3
ap prec iab le  p ro p o rtio n s  o f  carbossylie end g ro u p s » O th e r
n a tu ra l o rgan ic  p ro d u c ts  w ith  exchange p ro p e r t ie s  Include  
alglai.e acid , a g a r , c a rra g e e n , phospholipid© 9 and p ro te in s  o 
The® © , h o w e v e r , have n o t found  a p p lic a tio n , because th e y  
have low  ca p a c itie s  9 and a re  g en era lly  o f  a  colloidal o r  d isp erse  
n a tu re  in s o lu tio n «
S y n th e t ic  organ ic  Ion exchange r@el.ns w e re  In ven ted  by 
A d am s & Ho!m®S 9 who p re p a re d  Sulphonle A c id  and poly«=» 
am ine exchangers -> T h is  p ioneering  w o rk  w as  fo llo w ed  by 
D 9AI@Ilofs d isc o very  o f  p o ly s ty re n e  Sulphonic A c id  and po lym aths
f'j> g |
a c ry lic  acid exchangers' *  * © 'A t te m p ts  to  p re p a re  a  s tro n g ly  
basic anion'/exchange ro s in  w e re  n o t's u c c e s s fu l u n til 1943 p whvu 
th e  Rohm  & H a a s  Coy© 3 | O nS o A e)' In tro d u ced  th e  q u a te rn a ry  
ammonium re s in  , A m b e r lite  I R A « 4 0 0  { ©
i
R esins  have been used w ith  g r e a t  success In a lm o st
a ll s ta n d a rd  in d u s tr ia l and academ ic s tu d ie s « T h e ir  p ro p e rt ie s
include, s ta b ili ty  to  h o t  w a te r  , { w ith  th e  excep tio n  o f  A m b e r -
lit©  2 R A « 4 0 0 )  to  c o rro s iv e  chem icals , and th e y  can be o b ta ined
m o ao fu n etlo n a l In a  rang© o f  e ith e r  s tro n g  o r  w e a k , acid ic o r
basic exchange groups© S e le c t iv ity  can be v a rie d  by a lte r a t io n
In th e  c ro ss  linking o f  th e  p o ly m e r9 and In th is  s®as®9 th e y  can
b© ta i lo r  mad© f o r  s p e c ific  app lications  ©  P e r fo rm a n c e  d a ta  on
f  PC 3
s ta n d a rd  com m ercia l res in s ' '  show s t h a t ,  is. g e n e ra l, p o ly s ty re n e
©sulphome acid exchangers  a re  s ta b le  up to  15$ s w hile q u a te rn a ry  
ammonium re s in s , in th e  hydroxide fo r m ,  decom pose a t  te m p e ra ­
tu r e s  fro m  3 0 °  u p w a rd s « S uch s ta b ility  c o n s id e ra tio n s 9 to g e th e r  
w ith  a  demand f o r  even m ore s e le c tiv e  exchangers  has led to  th e  
developm ent o f  n u m ero u s , non siliceous inorganic exch an g erse I t  
is , n e v e rth e le s s  e x tre m e ly  un likely t h a t  th e s e  w ill rep lace  th e  
resinous exchangers f o r  n o rm al la b o ra to ry  s tu d ies  e
E rls c tric a l double la y e rs  usually develop upon th e  s u rfa c e s  
o f  p r e c ip ita te s , suspensions, and em ulsions, and play an essen tia l 
p a r t  in s tab ilis in g  colloidal sols© S u r fa c e  changes on th e s e  
m a te r ia ls  may b© produced e ith e r  by p r e fe r e n t ia l  ab so rp tio n  o f  
tons o r ? d isso c ia tio n  o f  fu n c tio n a l groups® When charges a r is e  
fro m  ab so rp tio n  o f  Ions fro m  s o lu tio n , e le c tro n e n tra lity  is 
p re s e rv e d  by th e  fo rm a tio n  o f  a  d if fu s e  double la y e r  contain ing
th e  c o u n te r  Ions $ m a te r ia ls  o f  th is  class exh ib it sm all s u r fa c e
(22)
ion  exchange capacities® V e r w e y  and K r u y t  d e m o n s tra te d  th is
by e lec tro d ia lys in g  a s ilv e r Iodide sol a to  hydro lyse  o f f  c o u n te r
ions , rep lac ing  th e m  w ith  hydrogen Io ns , which w e re  th e n
d e te rm in e d  by t i t r a t io n  © Inso lub le  a c id s 9 b ases , and am pholytes
which develop changes by dissociation, o f  fu n c tio n a l g ro u p s , w ith in
th e  p r e c ip ita te s , exchange Ions in much th e  earn© w ay as
tra d it io n a l ion exchangers© T o  exh ib it th e  g r e a te s t  num ber o f  
s ite s , and hence show  th e  la rg e s t  c ap a c ity  such m a te r ia ls  a re
5
b e tft p re p a re d  as gels © r mior© c ry s ta llin e  solids j- which a llo w '"”
maximum p e n e tra tio n , o f  w a te r  moleeuloso In  th e o r y ,  a t
le a s t  9 a ll Insoluble hydrox ides  and acid  s a lts  a re  capable o f
exchange 9 and so aroused, a  g r e a t  deal o f  In te re s t©  I t  w as
hoped 5 t h a t  such exchangers  would be capable © f fu n c tio n in g
w ith o u t decom position  5 In high te m p e ra tu re  aqueous s y s te m s *
and u n d er la rg e  dosages o f  ionising ra d ia tio n  * ©xehang©
p ro p e r t ie s  ar©  re ta in e d  In th e  d rie d  m a te r ia l provided th e
d ry in g  te m p e ra tu r e  is In s u ff ic ie n t  to  rem o ve  bound w a t e r «
H yd ro u s  oxides and hydrox id es  have been ex ten s ive ly
stu d ied  and th e  exchange p ro p e rt ie s ' ©£ many hav© been
j  f 27), (,SB) (89)
d iscussed , Including* A Ip O^ * F e g G j , TtOg ,
(SS)P(S0),(S1},(SB) "(3 0 )  “ ffiSj 
S r 8g •■ s MbgOo 8 TagO s , C rg O j , TbCSg „
f * S [ )  f s s j  (S iX (S S ) (38) (37)
L»&2©3 2. W©^ 5 BIO© *■ 2 n 0 g  * and SnOg © In  th e s e
In v e s tig a tio n s ? I t  has been shown t h a t  many oxides ex h ib it
a m p h o te ric  behaviour* exchanging anions In acid ic* and ca tions
In basic so lu tions a T o  explain such -behaviour 9 a num ber o f
(89)
m echanism s have been p o s tu la te d  f o r  anion exchange
a t  low  p H ,  ( a )  M O B  + H *  |b )  M O H ^ M ' 1' ♦  O H ~ f
foj? c a tio n  exchange a t  M gh p H s ( c )  M G H  ^ M O °  *  H * ,  m id
id )  M Q H  *  O H w^  M O H . f O H  l ra| w h e re  M . re p re s e n ts  a  single  
m e ta l a to m  o f  th e  oxide m a tr ix *  C hoice o f  possible m echanisms  
o f  c a tio n  o r  anion exchange ©n any given oxide Is dependent
•upon i ts  acidic o r  basic n a tu re  © F e w ? i f  any s can be reg ard ed
as t r u e ly  am photeric?  exchanging by mechanism s (b )  9 and ( c) 
w ith  th©  possible excep tion  o f  aluminium hydroxide© A n  acidic  
©xid© 9 t h e r e fo r e 9 m ight be exp ected  to  exchange ca tions  and 
aniens by (c j  and ( a ) 3 w hile a  m ore basic oxide m ight combine 
fd ) and (b )  resp ective ly©  S ire o n ia  appears  to . be a special 
e a s e ? since i t  does n o t con ta in  th©  h yd ro xy l g ro u p 9 and m ust 
consequently  be te rm e d  a hydrous oxide 0 I t  has been 
p o s tu la te d  In P a r t  I I  t h a t  th is  s t r u c tu r e  exchanges anions and 
ca tio n s  by being p ro to n a te d  .in acid 9 and c o -o rd in a tin g  h yd ro xy l 
ions in  alkaline so lu tions re s p e c tiv e ly  0
A, choice o f  su itab le  hydroxides f o r  exchange purposes  
Is lim ited  by th e ir  so lu b ility  in aqueous solutions© I t  is 
th e r e fo r©  a p p a re n t t h a t  many p o te n tia lly  in te re s t in g  oxides would 
be e n tire ly  soluble 9 f o r  exam ple 9 th e  s tro n g ly  acidic oxides©
T h e se  can g h o w e ve r 9 be ren d ered  insoluble as. th e  acid s a lts  o f  
heavy m e ta ls  9 and 9 as such 9 exh ib it s tro n g  acid exchange  
p ro p e r t ie s  showing no tendency to  absorb anions© Bine© th e y  
a re  usually obtained as g©Is9 th e y  w ill ba r e fe r r e d  to  a s 9 f o r  
exam ple 9 zirconium  phosphate s tu n g s ta te *  and so o n 9 w ith o u t
im plying a s p ec ific  o r  s to ic h io m e tric  composition©
7
A n  e v e r in creas ing  num ber o f  papers  a re  being
published on th o s e  m a te r ia ls  9 including th e  acid © alts 5 zirconium  
phosphate  (39), (40), (41)m o !y b d a te  (48 ), (4 5 ), e e ie a lte  >
tu a g s ta to  ( 4s) i ( 4S) -  aad o h ro m a t© 1 47^ ( 5 th o riu m  phosphat©
(88) anc) tu n g s ta te  3 t ita n iu m  phosphate « A
s im ila r series- o f  in ve s tig a tio n s  has been conducted In to  th e
f 31)exchange p ro p e r t ie s  o f  ammonium — IS — h e te ro p o ly  acids  
(53), (S3),(84), (S5)o
D u rin g  such, in ve s tig a tio n s  m a te r ia ls  have been found 9 
w ith  high s e le c tiv it le s  t f o r  exam ple caesium Ion on zirconium  
phosphate© In  many c a s e s 9 h o w e v e r , s o lu b ility , hydro lys is  and 
th e  in d e fin ite  n a tu re  o f  th e  compounds fo rm e d  proved g r e a t  
o b stac les  to  f u r t h e r  9 and m ore th e o re t ic a l in ves tig a tio n s  In to  
th e  basic physical c h e m is try  o f  th e  exchange processes© I t  
has 5 t h e r e fo r e  t been th e  o b je c t o f  th e  p re s e n t w o rk  to  p re p a re  
s ta b le  5. w ell c h a ra c te r is e d  m onofunctional exchangers in 
c ry s ta llin e  o r  m acrocrysta lline  fo r m s 9 by m ethods show ing  a high 
d eg ree  o f  re p ro d u c ib ility  o
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PREPARATION OF BXCHAMGBEB
SSirconi&s A  SO !© a s p ira to r  contain ing 15 io o f  ap p ro x im ate ly
C33XKCiStiir-JriK3'-2ti;SXiCtS3.3 *** *** 5£̂
©
0 o2 M  strconyl ch loride w as m ainta ined a t  70 by m eans o f  a 
w a te r  b a th  © 0©5 M  ammonium h ydrox id e  was added d ro p  w ise
to  th e  w@ll«»stirr@d so lu tion  u n til i t  w as n e u tra l o r  fa in t ly  
alkaline o T h e  so lu tion  was allow ed to  cool s low ly o v e rn ig h t, 
w ith  s t ir r in g ,  a f t e r  which th e  gelatinous p ro d u e t was f i l t e r e d ,  
w ashed , and a ir  d ried  a t  50°© T h e  re s u ltin g  glassy solid broke  
down In w a te r  to  give a  s ta b le  m a te r ia l o f  p a r t ic le  sis© 30^160 
B r it is h  S ta n d a rd  Sieve© A  sieved f ra c t io n  o f  p a r t ic le  slae  
80*460 B o S o S o  w as used In all e x p erim en ts  on hydrous sirconi&o 
D u rin g  th e  in it ia l s tag es  © f p re c ip ita tio n  th e  so lu tion  
was acid and t h e ' s ircon ia  gel absorbed chloride Ion by a p ro cess  
o f  ion exchange w hile in th e  la te r  s ta g e s  as th e  pH  o f  th e  
p re c ip ita n t  so lu tion  becam e h ig h er m ore  and m ore ammonium Ions 
w e re  absorbed© T h is  ha© been observed  as Ss a lt  uptake® by 
B r i t t o n  and o th e r  w o rk e rs  who have s tud ied  th e
p re c ip ita tio n  o f  such hydroxides q u a n tita t iv e ly  © T h e  23ix*conia
w as th e r e fo r e  p re s e n t In th e  chloride and ammonium fo rm s  to  
som e e x te n t  © S uch groups m ay, h o w e v e r 5 be rem oved by 
hydro lys is  when th e  exchanger is washed w ith  w a t e r ,  and th e  
hydrox ide  fo rm  o f  th e  exchanger w as p re p a re d  in  th is  w ay by
I o
column, washing th e  ssirconia sam ple w ith  d is tille d  w a te r  0 u n til 
no ©hi© rid© w as d e te c ta b le  in th e  e fflu e n t©  T h e  sample was  
th e n  f i l t e r e d  and a ir  d r ie d «
Thori& s T h o r  is. w as p re c ip ita te d  by th e  slow  add ition  o f  0 © 5 M
casssSsCJBssffiscsvs&a ’■'* ^
ammonium h ydrox id e  to  a so lu tion  o f  0 o3 M  th o riu m  n i t r a t e  
m ainta ined  a t  70® on a  s team  b a th  © P re c ip ita t io n  o c c u rre d  
in th e  la t e r  s ta g e s  o f  th e  ad d itio n  and th e  p r e c ip ita te » although  
g e la tin o u s 9 w as easily  filte re d ©  Norm ally** h o w e ve r 9 th e  p ro d u c t  
w as digested, a t  70°  f o r  s e v e ra l h o u rs  t©  rem o ve  excess  
am m onia fro m  th e  m o th e r  liquor© A f t e r  washing* to  rem o ve  
chloride and d ry in g  a t  50°  a  glassy p ro d u c t w as obtained©
T w o  b a tc h e s s A  and B s w e re  prepared© B a tc h  B  
w as d ig ested  f o r  a  considerably longer period  and showed x«*ray 
evidence o f  g r e a te r  o rys ta llin ity©
^ r c o n ^ m c. , ^ ^q§>^at © t
I a T h e  m ethod o f  L a rs e n  F e rn iliu s  & Quit! $(&?)
*t£3i -  zzsx ijz  z.’z^szz.i’ziz'czirszzz y l it- : 2. xV: s . ̂  i*^a s^a n i« i£ a a .,;2 ii«aci
L>ars©n F e rn iliu s  and Q uill described  th e  p re p a ra tio n  o f  a  w ell 
d e fin ed  c ry s ta llin e  ph osphate* diphosph&to*»&ireonlc a c !d5 
3 r O  (H g P O ^ )g 8
S to ic h io m e tr ic  q u a n tit ie s  o f  d ilu te  so lu tions  o f  a irconyi 
chloride and phosphoric acid in 10$ V / V  sulphuric acid w e re  added
l [
slow ly t&  a w ell s t ir r e d  b a th  contain ing  Z «  S 0.5 1® o f  10$
V / V  sulphuric acid a t  7 5 ° o Xn o rd e r  to  p re v e n t th e  local 
fo rm a tio n  o f  pocket®  o f  high c o n c e n tra tio n  o f  re a g e n ts  9 th e  
s ircony l ch loride and phosphoric acid solu tions w e re  sprayed  on 
to  th e  s u r fa c e 5 using sim ple a to m is e rs  ( f ig u re  l « ) s T h e  
p r e c ip ita te  w as d ig ested  a t  75°  f o r  s e v e ra l days* washed  
th o ro u g h ly  w ith  d ilu te  ammonium n i t r a t e  and d ried  In a t  a t  50°  
T h e  p a r t ic le  sis© o f  th e  m a te r ia l ob ta ined w as las® 
th a n  800 B 0S 0S s. 9 which w as to o  sm all f o r  n o rm al column 
o p e ra tio n  and th e  o th e r  uses envisaged© S in ce  su itab le  clay  
m inera l sam ples f o r  ion«-exchange have been p re p a re d  fro m  th@ 
fin e ly  divided m a te r ia l by e x tru s io n  9 11: w as decided to  com press  
a  sample o f  th e  Z irc o n iu m  phosphate  in a hydrau lic  pill p re s s  
•at a  p re s s u re  o f  s e v e ra l 'thousand pounds p a r  square  inch©
T h e  p ro d u c t w as an opaque disc o f  good m echanical p ro p e r t ie s  e 
which $ when te s te d  f o r  s ta b ility  in w a te r  b roke  down to  a  
co arse  p o w d er 9 exh ib iting  a  w ide rang© o f  p a r t ic le  slices 5 
su itab le  f o r  column and o th e r  physical in ve s tig a tio n s  © A f t e r  
prolonged Im m ersion in a  vigorously s t ir r e d  b a th  no f u r t h e r  
breakd ow n w as observed© S uch m a te r ia l was used In a ll 
chem ical In vestig ation©  on  sireonium  phosphate 5 and w ill 
h e n c e fo r th  bo denoted  by 2 5 rF c
FlQUfcE /.
/a
S3?;*P® H  °»feTm e
S am ples  o f  2 3 rP  w e re  column w ashed w ith  O d  M  H C I  u n til 
th e r e  w as no change in th e  com position o f  th e  solu tion passing  
th ro u g h  th e  exch an g er« T h e  column w as th e n  washed w ith
a minimum o f  d is tille d  w ater- 9 u n til no chloride ion was  
d e te c ta b le  in th e  w ash ings, f i l t e r e d ,  and a ir  dried©
la© M o d ific a tio n  o f  th e  m ethod o f  L a rs e n  e t  ale s
QsB»a ^ iayffagcawas3BB3i33a> c» ^a M tM 'fl^m fic»T 3B3rt3nsrc» « C T tf^ ite ag ^ ^
In  th is  ease th e  phosphate  to  sirconium  r a t io  in solu tion w as  
Is! r a th e r  th a n  2 si as In, th e  prev ious preparation©  P r e c ip ita te  
w as c a rr ie d  o u t in IZ% V / V  sulphuric acid 9 and th e  p ro d u c t  
w ashed9 a ir  d r ie d 9 and sieved as before©  T h is  m a te r ia l w ill 
be) described  as 23r P  (1 s 1) to  d istinguish i t  fro m  th e  original©
B 0 H ^ d ro ^ s |s„ o f  th e  S i rc o nyi
T h is  m ethod g described  h j  H a im  and W illa rd , involved th e  
m ixing © f a  s ircony l so lu tion  w ith  an excess o f  m etaphosphorie  
acid© A  soluble £5irconyl »  m etap hosphate  complex w as fo rm e d  
in so lu tion  5 which on s tanding  o v e r a period  o f  tw e lv e  h o u rs  a t  
room  te m p e ra tu re p  hydro lysed  to  Insoluble sirconium  phosphate©  
Th©  p ro d u c t w as g ra n u la r and amorphous©
(5
© cip ita tio n  in h yd ro ch lo ric  a d d  solutions  
Th©  m ethod © f G a l and G al w as also a t te m p te d 0
A  so lu tion  o f  30 g© ©£ s irco n y l ch lo ride  In 4 M  HC1  
w as added s low ly  w ith  s t ir r in g  to  500 ml® o f  12$ phosphoric  
a c id 9 in 4 M  HCI© T h e  m a te r ia l o b ta in e d v a f t e r  w ashing  
and d ry in g  th©  p ro d u c t w as a  gel©
La P re c ip it a t ion by dilutions
B lum ent& I  ̂^  s ta te d  t h a t  f re s h ly  p re c ip ita te d  Z irco n iu m  
phosphate  w as soluble In excess o f  s tro n g  m inera l acid© I t  
w as decided p th e r e fo r© *  to  m ain ta in  s to ic h io m e tric  q u a n titie s  
o f  s ir  cony I ch loride  and phosphoric acid In solution in a  minimum  
o f  c o n c e n tra te d  sulphuric acid© W a te r  w as th e n  added ©lowly 
w ith  s t ir r in g  and th e  sirconium  phosphate  p re c ip ita te d  e
N o  im p ro vem en t in th e  q u a lity  o f  th e  p ro d u c t w as  
ob served  sine© th e  sirconium  phosphate f which fo rm e d  in local 
p o ck e ts  o f  d ilu tion  would n o t red lsso lve  easily In th e  bulk o f  
solution ©
Inso lub le  C h ro m a te s  %
Z irc o n iu m  C h ro m ate ss  S uch  m a te r ia ls  appeared  to  b© a t t r a c t iv e  
f o r  s tu d ies  as Ion exchanger© $ and B rig g s  described  th e  
p re p a ra tio n  o f  a  s ta b le  c h ro m a te  o f  Z irco n iu m  $ 9 SrO^g, 5 C r 0 <a9
12 B a0
© f s irconyi ch loride  la  50 ml© © f w a te r  w as  
added to  10 go o f  po tassium  c h ro m a te  In 80 ml© o f  w a te r®
Th©  p re c ip ita te  w as f i l t e r e d  a f t e r  2k  h o u rs  9 w ashed w ith  
w a te r  and d rie d  u n d er reduced pressure®  25  go o f  th©  
po w dered  p ro d u c t w as h e a te d  In a sealed tub©  f o r  fo u r  h o u rs  
w ith  6  g© o f  chrom ic ©add© fa 6 mi© o f  w ate r©  A n  orange«»red 
c ry s ta llin e  p o w d er w as ob ta ined* which w as w ashed f u r t h e r 9 
and a ir  dried©
A  sam ple w as t r e a te d  fa a column w ith  50 ml o f  
0o5 M  KfaC! and washed f r e e  f ro m  chloride Ion w ith  d is tille d  
w a te r  © I t  w as th e n  © luted w ith  0©i M  HCS u n til th©  © f f lu e n t
gave a  n e g a tiv e  t e s t  f o r  sodium Ion by flam © photom etry©
Xbimgren ( ^ )  claim ed t h a t  th e  m a te r ia l p re p a re d  by 
B rig g s  did n o t correspo nd  to  a t r u e  chem ical compound and t h a t  
©n f u r t h e r  h e a tin g  a  homogeneous c ry s ta llin e  m a te r ia lp k  Z r 0gje 
5 C r 0 j 9 5 HgOj, w as obtained® -
T h is  m a te r ia l w as p re p a red  fey h e a tin g  th©  B rlg g fa  
re a c tio n  m ix tu re  f o r  7 to  15 days $ and consis ted  o f  c ry s ta ls  
o f  up to  2 ss«fflo fa leng th  © A f t e r  washing w ith  0 oI M  HOE*, 
th e n  w ith  w a t e r 5 and a ir  d ry in g 9 th©  ©hrom&t©* which showed  
no hydro lys is  fa w a t e r 9 w as te s te d  f o r  Ion exchange p ro p erties©
B a tc h e s  w©r© e q u ilib ra te d  In solu tions o f  sodium and potassium  
chlorides and th e  hydrogen Ion re le a s e  d e te rm in e d  by t i t r a t io n  
w ith  s ta n d a rd  sodium hydroxide©
B as ic  T horium  G h ro m ates
T h  ( O H ) pCrOju 0 w as p re p a re d  by th e  m ethod o f  L u n g re n  and 
S llle n  ®
A  so lu tion  o f  I g® potassium  d ie h ro m a te  to on© l i t r e  
o f  w a te r  w as h e a te d  t©  boiling and a so lu tion  o f  1 g th o riu m  
n i t r a t e  In ab o u t 10 ml o f  w a te r  added slowly® A  flo c o u le n t  
p re c ip ita te  fo rm e d * w hich* a f t e r  a fe w  ho urs  becam e vis ib ly  
crysta lline®  Th©  c ry s ta ls  o f  th e  chrom at©  w e re  f i l t e r e d *  
w ashed* a ir  d rie d * and sam ples eq u ilib ra ted  to w a te r  and sodium  
chloride solutions® N e ith e r  hydro lys is  n o r apprec iab le  exchange  
o f  Ions w as detec ted ®
A n a |y s jg^©j[ jj5 irpontom^ph o g p to te j
T h e  m ethod used w as an a d a p ta tio n  © f t h a t  employed  
by  IL&rsen ©t & L  § to th©  p re p a ra tio n  o f  s ireon ia  fro m  S y P ,
QoB •» 0 o3 go o f  f in e ly  ground Z r P  H -£ o rm  w e re  
t r e a t e d  ^ w ith  10 ml®, o f  s a tu r a te d  sodium hydrox ide  a t  0 ■» 10°  
and th©  s lu r ry  allow ed to  s tand  f o r  one h o u r* A  f u r t h e r  
1,0 *» 20 mlo © f cooled w a te r  to g e th e r  w ith  2 «• 3 g* o f  ©odium
pero x id e  w e re  added and th©  re s u lt in g  so lu tion  d ig ested  on a  
© team  b a th  a t  50 *» 7©° f o r  s e v e ra l ho urs  0 D u r in g  th is  
p eriod  th©  solubl© peroxysSrconat©  w as co m p le te ly  decomposed  
to  insoluble hydrous zirconla® T h e  p r e c ip ita te  w as f i l t e r e d  
h o t th ro u g h  a M ©®4 s in te re d  po rce la in  cruc ib le* washed  
th o ro u g h ly  w ith  d ilu te  ammonium hydroxide  to  c o n v e rt It; to  th©  
ammonium fo rm *  and  Ig n ited  to  c o n s ta n t w e ig h t a t  1000° © On  
ig n itio n g th e  p r e c ip ita te  lo s t w a te r  and am m onia* and w as  
weighed as pur® anhydrous s irco n ia* A f t e r  co llectin g  th©  
f i l t r a t e  to a weighed f la s k *  i t  w as analysed f o r  phosphate by  
p re c ip ita t io n  o f  ammonium phosphom olybdate* which w as Ig n ited  
a t  5©©° and weighed as th©  an h yd rid e«
T h erm o b a lan ee  S tu d ie s  s
A ll  inorganic exchangers s tud ied  conta in  unknown  
q u a n tit ie s  o f  bound o r  In te r s t i t ia l  w a te r®  T h e re  Is  good reason  
t o  believ© t h a t  th©  am ount © f bound w a te r  w ill a f f e c t  th©  Ion 
exchange c ap a c ity  and s e le c tiv ity  ' (& l)  e
Xn o rd e r  t o  fo llo w  th e  v a r ia tio n  o f  equilibrium  w e ig h ts  
o f  th e s e  exohangers o v e r  a w ide ran g e  o f  te m p e ra tu re s  a  
S ta n to n  T h erm o b a lan ce  ( model 7835) was used® T h is  is  an 
a u to m a tic  in s tru m e n t*  w ith  an up per lim it  © f 8 0 0 °*  re co rd in g
te m p e ra tu r e  w e ig h t loss curves®
T h e  a p p a ra tu s * show n in  f ig u re  (2 )  * consis ted  
e s s e n tia lly  o f  a a  a u to m a tic  beam balance* ‘th© loading beam o f  
which w as  a tta c h e d  to  a  s ilic a -ro d *  ( A )  su p p o rtin g  a p la tinum  
crucible® A sam ple o f  exchanger o f  a b o u t 0®5 go w as weighed  
a c c u ra te ly  in to  th is  c ru c ib le  and placed In  th e  s ilica holder®  
B alan ce  w&© re s to re d  by placing w e ig h ts  on th©  o p posite  pan* 
and th e  e le c tr ic  fu rn a c e  ( B )  th e n  lo w e re d  to  th ©  p o sitio n  shown® 
T h e  th erm o co u p le  ( C ) ,  and th e  balance w e re  connected  to  a  
pen re c o rd e r  so t h a t  te m p  e ra tu r©  and w e ig h t loss w e re  
re co rd ed  s im u ltaneo us ly»
E x p e r im e n ts  w a re  conducted f o r  s ireo a ia  * th o r ia *  and 
Z r P *  T o  ensure  t h a t  th e  p lo t  ob ta ined  re p re s e n te d  th©  
equilibrium  w e ig h t loss a t  each te m p e ra tu re *  Individual point©  on 
th e  c u rv e  w e re  v e r if ie d  by  h e a tin g  s im ila r sam ples In fu rn a c e s  
a t  sp ec ified  te m p e ra tu re s  * u n ti l th e y  a tta in e d  c o n s ta n t weight©
B y  th is  m ethod w e ig h t loss cu rves  f o r  asireonia and 23r P  w e re  
shown t o  be t r u ly  a t  equilibrium * w hile  f o r  th o r la  th e  norm a! 
h e a tin g  r a t©  o f  8 d@.gt> /m ku 'was to o  g r e a t  to  a llo w  equilibrium  
conditions to  fee a t ta in e d  a t  each point® In  d e te rm in a tio n ©  on 
th o r ia *  t h e r e f o r e * ' th e  equilibrium  p lo t o f  w e ig h t lo s s /te m p e ra tu re
r \
F igure. Z
w as ob ta ined  by h e a tin g  th e  sam ple In step©  o f  3 0 ° 9 a llo w in g  
i t  ‘to  re ac h  equilibrium  w e ig h t a t  each t® m p © ratu r©  *
X«*ray powder photographs war© obtained fo r  sample© 
o f ©xehang@rs in o rder to  asses© th e  degree o f c ry s ta lS M ty  
in each p re p a ra tio n *
C r y s ta ls  m ay b© assum ed to  co n s is t o f  re g u la r  th r e e  
dim ensional s t r u c tu r e s  o r  la t t ic e s  5 in which th e  r e p e t it iv e  u n it  
conta in s  an In te g ra l num ber o f  m olecules e A  la t t ic e  m ay be  
considered as being mad® up o f  an m ereu s  c r y s ta l plane© each o f  
w hich m ay be described  uniquely by M ille r  indices* These* 
c r y s ta l planes a r e  capable o f  re f le c t in g  s « ra y  beam s In c id en t 
upon th em  9 and i t  has been shown t h a t  th e  condition f o r  
r e f le c t io n  is p ©  =* sin *A  J %> <h » ©  is th e  angle o f  Incidence
o f  th e  beam on th e  c r y s ta l plan© 9 and A and d ar©  
re s p e c tiv e ly  th e  w ave len g th  o f  th e  ra d ia tio n  and th e  fa ite rp ian ar  
spacing*
W hen a  p o w d e r consisting o f  a  mass © f random ly  
o r ie n ta te d  e rya ts J Iite e s  Is  esposed t o  a  n a r ro w  pencil o f  
m onochrom atic  a r ra y s *  i t  is  p robab le  t h a t  th e  condition f o r  
r e f le c t io n  w ill o ccu r Sxi a  num ber o f  cases* P ro v id ed  th e r e  a re
E tF L tc T lO N  F/ZOM  A S jN C L t  C « V 6 T r tU  PuPtrier.
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s u f f ic ie n t  c ry s ta ll ite s  9 th e  r e f le c te d  ra y s  w ill fo rm  a ;3©?:i©s 
o f  cones ab o u t th e  in c id en t beam w ith  v e r t ic a l angles o f  Z 0  
and corresponding to  re f le c t io n s  fro m  a ll possible planes  
C f ig u re  3 )
l a  th e  p re s e n t  w o rk  a  Debij©  B ek  e r r o r  p o w d er cam era
CPhillips PoWa 102 h) w as used* and th e  x « ra y  beam produced
©a a copper t a r g e t  § a  m onochrom atic  beam o f  C u \\0 t ra d ia tio n  
\ °A -3 l*5 k 3  A  w as ob ta ined  using a  n ickel f i l t e r  e S am ples  
w e re  ground t o  a p o w d e r o f  ab o u t 800 B 0B 0S 0 and packed in to  
c ap illa ry  specim en tu b e s  0©3 «• I m®m0 to d ia m e te r  o f  v e ry  
th in  Lrindomann glass® T h e  specim en sam ples w e re  c e n tre d 9 
-and film  loaded to th e  cam era  by s ta n d a rd  techniques 0 A n  
©ssposur® t im e  o f  a p p ro x im ate ly  tw e n ty  hours  w as re q u ire d  to 
each ©as© f o r  sam ples o f  S ? P  ( H - f o r o n ) ,  ( C s  » f o r m ) 9 and  
f o r  thoria®
S  ̂ < ^ r q ^ oto ^ ^ r ic _ M ® th o d s  g
T r a c e  phosphorus w as
d e te rm in e d  fro m  p h o to m e tr ic  m easu rem en ts  on molybdovanado<»
(  fiS)phosphoric acid by th e  m ethod o f  M ichelson ' J 0 M easurem ents  
w e re  made using a H llg e r  U vispec  s p e c tro p h o to m e te r  ( H * . .7 0 0 o3 0 7 c
3 o
Th© solu tions re q u ire d  w e re  2 
(& ) 2o5  M  H C i
(b )  0©234$ W /V  o f  ammonium m e ta v a n a d a te 0 p re p a re d  by 
dissolving 2 ©34 go In 500 ml© o f  h o t  w a t e r , adding 28 ml© 
o f  ©on c e n t r a te d  H G 19 and d ilu ting  th©  cooled so lu tion  to
©12© l i t r e  •
(c )  3 a53$ W /V  ammonium mclybd&teg p re p a re d  by dissolving  
35® 3 g« o f  th©  m olybd&te in w a te r  a t  5 0 ° ,  and d ilu ting  
th©  cooled solu tion to  ©n© litre©
Th©  re a g e n t w as p re p a re d  by mixing b s a 5 and c In  
th e  r a t io s  o f  1 s E t 2 re s p e c tiv e ly 9 and d ilu ting  25 tim es©
25 ml© o f  th is  re a g e n t w as mixed w ith  25 ml® o f  phosphate  
solu tion  in 0*1 M  H C 1 9 m  which th e  phosphate c o n te n t v a ried  
b e tw e e n  10"“* and 10*“̂  m© moles© A  blank e x p e rim e n t w as ©iso 
made by mixing equal volumes o f  d ilu ted  re a g e n t and ©«! M  H G 10 
A  c a lib ra tio n  p lo t w as made o f  o p tic a l d e n s ity  a t  315 m j ix  
ag a in s t c o n c e n tra tio n  o f  N a H g P 0 4  so lu tions* using a blank a© 
re fe re n c e ©  P h o sp h a te  c o n te n ts  o f  th e  unknown solutions w®r®  
th a n  d e te rm in e d  by in terpo lation©
mad© a  s tu d y  o f  coloured sirconium  ehlor&nlS&te com plexes In 
so lu tion  and suggested  a  possible us© o f  th e  I z I com plex in 
q u a n tita t iv e  analysis o f  t r a c e  s ir  centum *
cl5 ml© p o rtio n s  o f  t e s t  solutions contain ing  n o t  m ore
th a n  I© 5 sc 10 *■* m *m oles o f  s ircon ium s w e re  m easured  in to  a 
5© ml© s ta n d a rd  flask© A  f u r t h e r  20 m l* o f  k- M  p e rc h lo ric  
acid w e re  added* A f t e r  m ixing th o ro u g h ly , 4  m l* o f  0«!$
. V ’/W  ehloranlllG 'acid w as  added and th e  so lu tion  made up to  
th e  mark© O p tic a l d en s ities  w e re  m easured a t  5*5©  
using w a te r  as a  blank and a  c a lib ra tio n  cu rve  w as c o n s tru c te d  
f ro m  solutions o f  know n sireonlum  c o n te n ts *  T h e s e  s to c k  
solutions w e re  analysed by p re c ip ita tio n  o f  hydrous s lrcon ia  in 
am m onia 'solutions* and Ig n itin g  th©  p re c ip ita te  a t  1000° to  
o b ta in  th e  anhydrous oxide* M ea su re m e n ts  o f  £  1$ accu rac y  
w e re  made in  solu tions o f  1x10"“̂  M  or- g r e a te r  in  s irccn iu m «
A n a ly ses  w e re
c a rr ie d  o u t*  using an B * B 0£/o F lam ©  P h o to m e te r  * S to c k
solu tions o f  sod&um and potassium  chlorides w e re  made up by  
w e ig h t o r  analysed by chloride d e te rm in a tio n . S tan d ard  d ilu tions
-3  '•=!.».
in th e  range lx 10 “ to  10 ‘‘ M  w e re  p re p a red  s and using a
su itab le  f i l t e r  s th e  scale d e fle c tio n s  f o r  d is tilled  w a te r  and 
•**310 M  solution, w e re  ad ju sted  to  s@ro and 100 re s p e c tiv e ly  0 
C a lib ra tio n  cu rves  o f  . c o n c e n tra tio n  a g a in s t seal© d e fle c tio n  
w e re  th e n  c o n s tru c te d 9 f ro m  which  th e  sodium and potassium  
c o n te n ts  o f  unknown solutions w e re  determ inedo
H yd ro ly s is  o f  IS irconium Pho^sphat®£
T h e  H y drogen F o r m ; 1 g 0 sam ples o f  3 r P ,  3 r P  (1 i 1) ?
and com m ercia l zirconium  phosphate produced by B 0D 0H 0 and 
B io -R a d  s In th e  H - f o r m s 9 w e re  eq u ilib ra ted  w ith  30 ml* 
p o rtio n s  o f  d is tilled  w a te r  a t  £5°»  T h e  equilibrium  solutions  
w e re  analysed f o r  t r a c e  phosphate (page  /*} ) by th e  m ethod o f  
M ichelson 1 and f o r  hydrogen ion* using th e  e le c tro d e  system s




Is a td  S
I
I C alom el
| under KC1 E le c tro d e .
1 s tu d y 1 1
B#m0f  o m easu rem en ts  w e re  made w ith  a P ye  p o te n tio m e te r  and 
a V ib ro n  e le c tro m e te r  ( B o L L q  model 3 3 B ) as a null d e te c to r 0 
Th© e le c tro d e  system  was s tandard ised  w ith  0 a05 M  potassium  
hydrogen p h th a la te 9 pH  koQQ5 9 B 0D 0H 0 tab lo id  phosphate  
b u f f e r  a pH  6o99$ and 0 o05 M  sodium bo ra t©  pH  9 ©18
2 3
T li© jz&Q&mm fo rm  i S am ples o f  zirconium  phosphate ( 2 r P )  
w e re  c o n v e rte d  to  th e  caesium fo rm  by e lu ting  fa )  w ith  
Ool M  GsGlg and (b ) w ith  0 ol M  C s G l in Ba5 x  10 ̂  M  CsOH  
Th© la ttes* was used to  ©nsur© com plete  ionisation o f  exchange
0o5 go samples p re p a red  contain ing wor© a ir
d rie d  f o r  s e v e ra l days , added to  50 mlo p o rtio n s  o f  d is tilled  
w a te r  and allow ed to  eq u ilib ra te  a t  room  te m p e ra tu re  fo r  
te n  daySo S ta n d a rd  d ilu tions o f  th e  a c tiv e  0 J  M  caesium
« » '3 i  5
solutions w e re  made to  10 J and 1 0 molar ,  25 m l o  samples  
w e re  e v a p o ra te d  slow ly to  dryness w ith  an in f r a - r e d  lamp 0 
Soluble  solid® w e re  th e n  t r a n s fe r r e d  w ith  w ashing, and 
subsequent e vap o ra tio n  to  a 2 cm 0 p lan eh e tt© , and m ounted as 
solid sources a A  s im ilar m ounting was p rep ared  fro m  th e  
equilibrium  solu tion and i ts  a c t iv ity  com pared w ith  th o s e  o f  
th© s ta n d a rd  sources 0
In  p a ra lle l exp erim en ts  using in ac tive  caesium 9 samples  
o f  th e  equilibrium  solution w e re  w ith d raw n  and analysed f o r  
phosphate  and hydrogen Ions In th e  usual way {pages \°{^r 2SK 1
T h e  po ta s s iu m jfo rro  £ T h is  was p rep ared  by e lu ting  th e  H » fo rm  
w ith  ©el M  K O I f o r  tw o  days* a f t e r  which th®  exchanger was  
washed fr@© o f  chloride ion, and a ir  dried© QoS go samples
w e re  th e n  eq u ilib ra ted  w ith  50 m lQ w a te r  and th e  equilibrium  
so lu tion  analysed f o r  potassium  io n , using an B 0B 0L»0 flam ©  
p h o to m e te r  (p a g e 2 1 )© P h o sp h ate  and hydrogen ion re le as e  
w e re  d e te rm in e d  in th is  and a s im ila r exp erim en t w h ere  th e  
exchanger w as eq u ilib ra ted  w ith  50 ml© o f  Ool M KC1
M e a s u re m e n t o f  r a te s  o f  h yd ro lys is ; T h e  r a te s  o f  hydro lys is  
o f  b o th  th e  potassium  to  hydrogen fo rm s  o f  2 i* P  w e re  studied  
p o te n tlo m e tr lc a lly  using th©  ce ll; glass e le c tro d e /s o lu tio n /  
calom el e le c tro d e , and th e  m ethod described on p a g e* S3. . 
N itro g e n  w as blown th ro u g h  a sample o f  100 mlo w a te r  in  th e  
cell f ig u re  (5& ) u n til a  c o n s ta n t ©0m 0f «. was o b ta in ed 0 A  S g c 
©ample o f  exchanger 60 -  100 B o S oB 0? was th e n  added to  th e  
vigorously  s t ir r e d  so lu tion , and th e  fa l l  in e em 0fo p lo tte d  
ag a in s t t im e *  T o w a rd s  th e  end o f  th e  hydro lysis  samples o f  
th e  so lu tion  w e re  w ith d ra w n  and te s te d  f o r  chloride ion*
D e te rm in a tio n s  o f  so lub ility  0
.  usiun. ■.rasgsaasassa tac j
A n  e s tim a te  o f  th e  so lub ility  o f  23rP  in w a te r ,  and 
hydrous s ireon ia  in acid solutions was obtained by t r a c e  zirconium  
a n a lys is«
S go sam ples w e re  equ ilib ra ted  a t  room  te m p e ra tu re  






and analysed f o r  zirconium  (page S I } 0 
P re p a ra t io n  o f  carbon dioxide f r e e
ja a ra a & te a axaKasaxOKl e s e a ?  x  oxa : a u s w ix c i t t £ a 2 e e  zsacssasszau nsxsssa
sodium ^...A^yp^^f solutions s
A  s a tu ra te d  solution o f  sodium hydroxide was p re p a re d  
by shaking excess an&lar p e lle ts  w ith  c o n d u c tiv ity  w a te r  f o r  
84 ho urs  o T h e  solution w as th e n  allow ed to  s tan d  f o r  th r e e  
to  fo u r  w eeks to  allow  insoluble sodium ca rb o n a te  to  s e ttle o  
S am ples  w e re  w ith d ra w n , d ilu ted  in ca rb o n a te  f r e e  w a te r  
u nder an a tm o s p h ere  o f  n itro g e n , and s to re d  in fla s k s  w ith  
a u to m a tic  b u r e t te  a t ta c h m e n ts , su itab ly  p ro te c te d  w ith  soda«» 
Ilm© tubeso T h e  solu tion was s tandard ised  ag a in st weighed  
sam ples o f  d ry  potassium  hydrogen ph th a la t©  using  
phenoiphthaleln  as indicator©  E x p e rim e n ta l e r r o r  in such 
d e te rm in a tio n s  w as n ev er g re a te r  th a n  ± 0®I$ f o r  hydroxide  
solu tions © f Ool Mo
pH  t i t r a t io n  curves 5-  
Z ircqniyunjphospha/bes 0 o5 go samples o f  23r P  (H » fo r m )  w e re  
weighed o u t and eq u ilib ra ted  a t  8 5 °  w ith  50 ml© samples o f  
va ry in g  c o n c e n tra tio n  o f  sodium hydroxide made up to  a t o t a l  
ionic s tre n g th  o f Ool M with sodium chloride6 A f t e r
mechanical shaking In a th erm o sta t a t  Z*P  th© equilibrium pH 
was d e te rm in e d  Cpage <23 ) 0
S i*
T h o r ia s ! go o f  thorSa was In tro duced  in to  a  t i t r a t io n  fla s k  
contain ing 100 m l* o f  w a t e r ,  s t ir r e d  by  n itro g e n  bubblinge 
Th© acidic and basic p o rtio n s  o f  th® t i t r a t io n  c u rv e  w e re  
ob ta ined  by fo llo w in g  th e  change In pH  on addition  o f  s tan d ard  
acid os* a lka li o
PART IX
R E S U L T S
Th@rm©ba!ane@ S tu d ie s  : -
cces^TS$3!^^zteti25E5a?MCf«s6C3axi^iZ5>ms5omsn!i5523iae2iB3seaKaBi£irtoo
T h o r la s Th erm obalan ce  stud ies  on th o riu m  hydroxide produced  
a, d e h y d ra tio n  iso b ar which showed fo u r  d is t in c t reg ions o f
o
w e ig h t lo ss 9 ( f ig u re  k 9 cu rve  S ) 0 fa )  probably corresponded  
to  a loss o f  s u r fa c e  and in te r s t it la l ly  absorbed w a te r  $ while  
(b )  9 and ( c ) ,  may b® due t©  th e  ir re v e rs ib le  loss o f  w a te r  
m olecules by e lim ination  b e tw een  hydroxide groups in th©  solid 9 
and (d )  re p re s e n te d  th©  equilibrium  w e ig h t o f  anhydrous m a te r ia l 
C onsequently  i t  would be expected  t h a t  m a te r ia l h ea te d  to  above  
150°  would lose some o r  a il o f  i ts  exchange c a p a c ity 0
H yd ro u s  SSirconias T h is  cu rve* showed a sm ooth continuous*c-rrr-j^rtr* -n lre-.-r c- ;•_•■ •  v
a lm o s t exp o n e n tia l9 loss in w e ig h t o v e r th e  te m p e ra tu re s  stud ied  
{ f ig u re  h  cu rve  III} ©
T h e  d ehydra tion  Is o b a r5 
C f ig u re  4 5 c u rve  li) 9 showed a s teep  s tead y  fa ll  in w e ig h t w ith  
in creas in g  te m p e ra tu re  up to  3 0 0 ° 9 probably corresponding to  
a loss o f  in te r s t i t ia l  w a te r  fo llow ed  by a  p la teau  o f  a lm o st 
c o n s ta n t w e ig h t b e tw e e n  200 and 3 0 0 ° o F u r t h e r  slow loss 
in w e ig h t w as observed 9 above 3 0 0 ° Q and up to  th e  te m p e ra tu re  
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A n y  film  , a f t e r  developm ent and d ry in g 9 shrinks to  
a certa in  extent© B y  using th e  S tra u m a n is  technique 9 th e  
e ffe c t®  o f  shrinkage w e re  e lim in a ted » and th©  film  becam e s e lf  
calibrating©  Th© c a m e ra , d ia m e te r  was 114 ©83 m em© „ such 
th a t  2 m©m© on th e  film  equalled 1° Bragg© F ilm s w e re  Said 
f l a t  upon an illum inated  screen  and a aero  re fe re n c e  p o in t 
estab lished  by ta k in g  an opposite  p a ir  o f  d i f f r a c te d  lines around • 
th e  beam e x it  h o le 9 and b isectin g  th e  d is ta n c e , 3 D ,  b e tw een  
them© W ith o u t changing th e  film  p o s itio n , th e  sam e p ro ced u re  
w as fo llo w ed  f o r  th e  back re fle c t io n s  around th e  collim ator h o le , 
to  d e te rm in e  th©  o th e r  re fe re n c e  point© Th© d is tan ce  b e tw e en  
th e s e  tw o  re fe re n c e  p o in ts , corresponding to  a 180° a r c ,  
w as ISO m «m 0
Z irc o nium phosphates X n te rp la n a r spacing®, o r  d va lu es , 
f o r  S r P  (C ©  «  fo rm ) and (H  -  f o r m ) ,  a re  shown m ta b le s  
(1) and (2)© D i f f r a c t io n  lines m easured f o r  th e  Gs =* fo rm  
ar©  th e  sam e as th o s e  f o r  th e  H  ~ fo r m , ind icating th e  same 
c ry s ta l s t r u c tu r e ,  while e x t r a  lines d e te c ta b le  in th©  H  «=* fo rm  
p a t te r n ,  m ere ly  r e f le c t  upon th© im proved q u ality  o f  th e  photograph
T h o r  las T h o riu m  hydroxide showed an e x tre m e ly  poor
casracaaa^naszsktzxsra **
So
d i f f r a c t io n  p a t te r n  9 in which th®  lines w e re  broad and d if fu s e  0
S uch  broadening may be caused by d if f r a c t io n  fro m  c ry s ta ll ite s
©
o f  1000 A  o r  less* o r  by  s tra in  w ith in  th e  c r y s ta l% 
which a r e  possibles
X - r a y  d i f f r a c t io n  p a t te r n  f o r  3 r P s C s « fo rm  
R ad ia tio n  C u K ct * / \  » I© 542 A©
O n e S tr e n g th &° S in  0 d(A )
“ 5^ “ “o T T d ic P J 7 067
2 S 9 °  51 Go1170 5o51
3 V S 12° 33 0c2173 3 0 55
4 s
o0?>■***? 0 ©2924 2 © 64
5 v w 1 8 ° 0 0 d ̂ 090 2 ©50
6 v w 1 8 °  30 0o3173 2 ©43
7 v w 1 8 ° 45 0 *32 1 4 2 © 40
8 w 22°  15 0 o 3786 2 ©04
9 w 2 4 °  9 0*4091 1 ©89
1 0 w 2 5 °  30 0*4305 1 *79
1 1 w 2 6 °  45 Go4501 1 © ? 2
1 2 w 2 ? ° 45 G&4656 I 0 6 5
13 w 30° 9 0 0  5023 1 0 54
V o S o  "  V e r y  S tro n g
S ~ S tr o n g
M o S o  13 Medium S tro n g
W -  W eak
Vo Wo « V e r y  W ®ak 0
X —ra y  d if f r a c t io n  p a t te r n  f o r  23r P *  
R ad ia tio n  C u K  o{ t X ~ 1 e 542 A
O n e S tre n g th . 0 S in  0 d
(A )
gieĝ̂CTOrr.-jffsr-.Tattag
1 M o S  © 5° 51 0*1023 7o54
2 S 9° 54 0ol719 5*5?
3 VoSo 12° 30 0©2X64 3o57
4 VaVoW© 13° 33 0  © 2 3 4 2 3o29
5 VoVcWo 13° 45 0*2376 3o25
6 VaVoWo 14° 20 0 O2V?6 3ol3
7 3 16° 5? 0 e2913 2 o65
6 V©W© 18° 9 Go 3215 2o48
9 Vo Wo 18° 36 Do3190 ^ 5 0  ̂ 42
10 VoWo 19° 0 0 o3256 2*37
11 V  0 V 0 W 0 20° 54 0*356? 2 0l6
12 VoVoWo 21° 24 0*3649 S o li
13 w 22° 9 0*3770 So 04
14 V/ 24° 9 0*4091 1 0  89
15 w 25° 45 0*4345 1 * 7 8
16 w 26° 33 0  a4470 1 0 73
1 ? w 27° 45 0 0 4 6 5 6 1 0 6 6
18 V/ 3 0 °  2 0 Go5050 lo 53
V o V o W o  ® e x tre m e ly  weak©
Tab!© (3)
X ^ ra y  d if f r a c t io n  p a t te r n  f o r  th o r ia  O H  -  fo rm  
R ad ia tio n  C u KcC „ X = :L e 51;.S A
B aDo S tro n g  d if fu s e  
s im ila rly  f o r  W 0D 0 etc©
S 3
A n a lys is  o f  Z irco n iu m  phosphates**
T w o  sam ples o f  S r P ,  (H  «*» f o r m ) ,  w er©  analysed0 
osmpl© C J,| w as m at:©rial9 which had b@@n c o n verted  to  th©  
hydrogen fo rm  using hydroch loric  ac id , and had subsequently  
been w ashed fro ©  fro m  chloride using a minimum © f d is tilled  
wat©i*o S am ple  ( X I ) ,  hew@?@r5 was p rep ared  s im ila r ly , using  
an excess o f  washing w a te r 0 F ro m  th© re s u lts  shown in tab!©  
h , i t  Is  seen t h a t  th e  phosphate to  zirconium  ra t!©  In th©  
w as a b o u t 3% less th a n  f o r  d&phosphatozlrconla acid and t h a t  
f u r t h e r  re d u c tio n  in th is  r a t io  o ccu rred  w ith  washing 0
1"  ■






H yd ro ly s is  o f  2 lrc o n lu m  bhosbhatei®*
Th©  H yd ro g en  fo rm s  Th© re s u lts  o f  th e s e  stud ies  a re  shown  
in T a b le  5 0 and  i t  is  seen t h a t  th© hydrolysis c h a ra c te r is t ic s  o f  
S y p 5 and SSrP (1  s 1 ) a re  v e ry  s im ilar § suggesting a  s tro n g  
tendency f o r  a  f ix e d  ra ti©  os [h  although th©  r a t io
Table 6
I C om position  
\ o f  so lu tion  
| f o r  equilibrium
E xch an g er
fo rm
T
B  equilibrium eon © © n tra tio n s  
in solution
pH & + J
M xlO 1*
f e o J
MxlCT'
Im +3  k  1
Macl.0 * |f




| . W a te r
*3*
C s 5 .2 9 0 e 0 51 S o i l 2 o l 6  !'
W a te r K 5 .0 1 00 098 3a5 3.03, j
0*1 M KOI
L . _
K 3 . 0 1 9o7 00074
J
M o te ;
GKSGSffSSSSXaE*
(a )  0®5 go samples w e re  equ ilib rated  w ith  50 ml® p o rtio n s  o f
so lu tion
(b ) Gs*1' re p re s e n ts  m a te r ia l p rep ared  by e lution w ith  0®1 M
- 4
G sG le in E .52S10 M  C S 0 H *
H a te s  o f  h yd ro lys is  o f  S ircon ium  phosphates
Th©  r a t e  o f  hydrolysis  © f S r P  is shown as a p lo t o f  
pH a g a in s t tins© hi f ig u re  ( 5b)  s in which i t  is .seen t h a t  90% 
o f  h ydro lys is  o c c u rred  In th e  f i r s t  5 ** & m inutes f ind icating a  
v e ry  rap id  re le a s e  o f  hydrogen ion® F in a l, pH*s o f  th©  
equilibrium  solutions w e re  4 and 5 f o r  th©  hydrogen and pot&s&i&m  
fo rm s  respective ly®
7o




O  K - PoR^
□  H- FoRf̂
F IQURE: 5  t  .
34,
O f  th e  samples o f  s irconia  equ ilib rated  w ith  w a te r  and 
B C t solu tions only in th e  case o f  I  M  HG1 was a t r a c e  o f
insoluble in th e  acid and alkaline solutions norm ally  encountered  
in ion 'exchange 0
A  s im ila r d e te rm in a tio n  w ith  S r P  in w a te r  showed t h a t  
th e  zirconium  c o n te n t o f  th e  solution was negligibly small
pH t i t r a t io n  c u rves  s
Z irco n iu m  phosphates R e s u lts  o f  pH t i t r a t io n s  on S r P
(H  *» fo r m )  a r e  shown in T ab le  { ? ) *  T h e  pH t i t r a t io n  c u rv e p 
f ig u re  ( 6 ) is sm ooth and ind icates mono functiona l behaviour 9
c r »
Ircon ium  d e te c te d  9 £ 5x10 M ) o S irc o n ia  is th e r e fo r e  e x tre m e ly
a lth o u g h 9 s ince considerable hydrolysis occu rred  a t  high pH # no
d e f in ite  In te r p r e ta t io n  can be made o Am oh le t  t
com parisons a re  possible®
H
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T h o r  la  i A lth o u g h  l i t t le  re liance  can he placed on th©  
p re lim in a ry  pH  t i t r a t io n  curve  th o r l& 8 fig u re  (7 )  § i t  is s im ilar  
to  t h a t  ob ta ined by A m p le t t  using a hydrous zirconia  
e x c h a n g e r  0
Eon exchange p ro p e r t ie s o f  insoluble ehro m ates  %
B  ro s ie r  , in a paper on *Zirconium  based Io n ite s 8?
discussed th©  ion exchange p ro p e rtie s  o f  various insoluble 
zirconium  compounds? o f  th e s e  zirconium  ch.rom a te  seemed mas- 
in te ra s tin g o  T h e  m a te r ia l described was amorphous and
chem ically i!l«®d©fined ? corresponding to  those  p rep ared  by 
M ontign ie  • ^  and H a b e r ' ^  * A  mor© su itab le  m a te r ia l
was t h a t  described  by B rig g s  1 which was p re p a red  as 
d escribed  on page /3  © T h is  showed a sodium ion cap acity  o f  
0 o 51 meg©/g® and had an equilibrium pH o f  3s in equilibrium  
w ith  w a te r  j .  in d icating  a  degree o f  hydrolysis s im ilar to  t h a t  
o f  2 r P o  T h e  homogeneous c ry s ta llin e  solid obtained by
j f  jrig r$  \
L»ungr@n ^y^  „ on fu r th e r  h eatin g  o f  th e  re a c tio n  m ix tu re  0 
showed no hydro lys is  and negligible capacity  { Q o02 meq©/g0) 
f o r  th e  a lkali m e ta l io ns0 N o f u r th e r  study o f  th®  compounds 
was c o n tem p la te d  since L,.ungren3s pur© c rys ta llin g  fo rm  showed  
no exchange p ro p e r t ie s , while B rig g 8s m a te r ia l, although showing  
exchange p ro p e rt ie s  was chemically u n s a tis fa c to ry  0

tf-o
S I R C O N I A t -
S tr u c tu r e s  H yd ro us  girconla has been shown to  have form ula®
ranging fro m  S r O g ,  6H gO f o r  th e  a ir  d ried  m a te r ia l to  3 r O g 5 
f  5?j J
io S H g O  _ when d ried  o ver phosphorus pentoxideo D e h y d ra tio n  
f£,j{ ?<jj show eds t h a t  th e  aqueous vapour p re s s u re  
o v e r z lrco n ia  fe ll  continuously as th e  te m p e ra tu re  was slow ly  
ra is e d 9 and d eh yd ra tio n  p rog ressed * T h e re  w ar©  a© 
d isc o n tin u itie s  to  In d ica te  th e  presence o f  h y d ra te d  compounds0 
T h e s e  re s u lts  w e re  v e r if ie d  in therm obalance exp erim en ts  on 
z irc o n ia 8 as seen in f ig u re  ik$  cu rve  iii) 0
Maxim um  s ta b ility  o f  th e  zirconium  dioxide c ry s ta l skele ton  
I© achieved by o rb ita l hybrid isation  9 and since aquo groups could 
only b© bound to  s u rfa c e  zirconium  atom s th rough  o rb ita ls  which 
rem ained  unoccupied in c ry s ta l bonding* th e ir  a tta c h m e n t is
e x tre m e ly  weak® L a rs e n  and Gam mill ' ^  have shown fch© 
p resen ce  © f Z r O O H  ' in solutions o f  pH 2 P which w e re  on th©  
p o in t o f  p re c ip ita tio n o  S in ce  th e  z ircon ium  content: o f
th e s e  solu tions was close to  0©03 M  v th© Ionic p ro d u ct w as  
th e re fo r©  s SSrOOH ' x  O H  — 2 x  10
Th© fo rm a tio n  o f  hydrous zircon!a by th e  addition of. ammonia 
to  an aqueous solution o f  s irconyl chloride appeared th e re fo r©  
to  be mad© up o f  th e  fo llow ing s teps  $=■
4-1
3 r o C %  + H g Q  2 p O O H t  + H +  + S C !
S r O O H ++ O H " - -*■ [ s r O ( O H ) g | — S r O g ,  a H g O 0
S in ce  s te p  S w as Ir re v e rs ib le  .> th e r e  could be no 
p o ss ib ility  o f  d igestion  o f  th©  solid to  la rg e r  c ry s ta ls  when 
ged* and th e  m a te r ia l should th e r e fo r e  be in an am orphous o r
C?5)
sro c ry s ta llin e  s t a te  e F reu n d lieh  * ~ in an s tu d y  on
s lreon ia  observed  no e ry s ta lltn ity 9 and th is  has been co n firm ed  
In th e  p re s e n t w o rk * .R ecen tly9 h o w e v e r , e le c tro n  d i f f r a c t io n  
stu d ies  have shown t h a t  th e  p a r tic le s  re s u ltin g  fro m  
p re c ip ita tio n  ar@ o f  th©  o rd e r  o f  0 o0 I  m icrons in d ia m e te r  
to© sm all to  giv© 2c =*ray d if f r a c t io n  p a t te rn s  0
M @ © x c h a nge s T h e  absence o f  bound w a te r  in
th©  s t r u c tu r e  o f  s irconia  leaves th e  problem  o f  th©  mechanism  
o f  th e  observed  exchange p ro p e rtie s  o B lu m en ta i (®®J
suggested  t h a t  during  th e  fo rm a tio n  o f  hydrous s ir  coma s 
individual m olecules m u st coalesce to  fo rm  m icro»crystals«,
F o r  p re c ip ita tio n  in m i acid environm ent contain ing th©  
species S r O O H  ' i t  is reasonable to  suppose t h a t  a num ber o f  
th e s e  ions will ta k e  th e  p lace o f  23rOg as s tru c tu r a l  u n its 0 






T h e s e  hydrogen Ions can presum ably m ig ra te  fro m  one oxygen  
a to m  to  a n o th e r  reg ard le ss  o f  i t s  position  3 re s u ltin g  la w h a t  
I© in e f f e c t  a  p ro to n & te d  oxide©
W e m ay th e r e fo r©  re g a rd  hydrous z irc o n la 9 p re c ip ita te d  
In acid so lu tion  as being a p o ly e le c tro ly t®  cation© A ss o c ia te d  
with, th e s e  p o s itiv e  charges will b© n eg a tive  c o u n te r ionsi in 
th is  ease ch lo ride  ions© P ro v id ed  th e  same basic s t r u c tu r e  is 
p re s e n t in th e  a ir  d ried  m a te r ia l t w e can explain th©  anionic 
exchange © f s lrcon ia  In acid solution as an exchange o f  n eg a tive  
c o u n te r ions© Th©  f a c t  t h a t  a lrconia  is a cation  exchanger 
in a lkaline solu tions cannot,, h o w e v e r, ba reconciled w ith  th©  
oxide s t r u c tu r e  shown above unless th e  p ro to n s  o f  th is  
s t r u c tu r e  a re  n e u tra lis e d  and f u r t h e r  hydroxyl ions become  
as so c ia ted  by c o -o rd in a tio n  o r  a b s o rp tio n , giving th e  m a tr ix  
an o v e ra ll n eg a tive  c h a rg e s . th is  possib ility  was suggested by 
K ra u s  (&0) 0
Both. A m p h lo tt  and K ra u s  hav© described  th e
v a r ia t io n  in c ap ac ity  o f  sirconia w ith  pH© C a tio n  cap ac ity
u%
fa lls  rap id ly  with, decreasing p H ? reaching ze ro  a t  pH  9 ,  
wnil© anion ©xchang©9 which is f i r s t  exhibited a t  approx!m at 
pH V ris e s  w ith  Increasing a c id ity  0 T h e  exchange capacity  
is  la rg e ly  suppressed a t  th e  is o e le c tric  p o in t 5 which lies  
b e tw e e n  pH 7 and 9* while th e  low cap acity  f o r  both  anions 
and ca tions  in th is  region ind icates a degree o f  h e te ro g e n e ity  
o f  th e  exchange s ite s «
jS ta j^ tx^ Jb o ^ ag id s  andjo a a e s : S irco n ia  Is com pletely insoluble
in alkaline solu tion as shown by th e  ionic products  
jjS rO Q H  ‘ j  4[OH"J m 2 x  10'"'hi‘% In  acid so lu tion9 h o w e v e r9 
a ten d en cy  f o r  th e  m a tr ix  to  dissolve would be expected 0 
T h is  has been shown to  be n@gligibl.ly small fro m  solubility  
d e te rm in a tio n s  (page 3 k ) in acid solutions and supp orts  th©  
su g g estio n » t h a t  th e  process o f  p re c ip ita tio n  involves an 
ir re v e rs ib le  s te p
L o s s  o f  cap ac ity  s K ra u s  and Phillips « in th e ir  ea rly  
in ve s tig a tio n s  in to  th e  exchange p ro p e rtie s  o f  s irco n ia9 
d iscovered  t h a t  exchange capacity  was lo s t when th e ir  m a te r ia  
w as f ir e d  a t  te m p e ra tu re s  o f  3 0 0° o r  g r e a te r » T h e  
th e rm o b a lan c e  stud ies  o f  th e  p re s e n t w o rk  show a continuous  
loss o f  w a te r  In th e  te m p e ra tu re  range up to  6 0 0 °0
Russi&n w o rker©  ( ?$) have shown t h a t  s irconia may e x is t In  
tw o  c ry s ta llin e  s ta te s  f te tra g o n a l and mono clinic e T h e  fo rm e r  
as s ta b le  a t  low  and th©  la t t e r  a t  high te m p e ra tu re ©  and th e  
te m p e ra tu r e  o f  tra n s it io n  is 8 9 0 °  0 T h e  conversion o f  
m icro  c ry s ta llin e  hydrous sirconia f o r  th e  m ore com pact 
monocllnie fo rm  a t  3QQ° 9 coupled w ith  th e  probable g ro w th  o f  
c ry s ta ll i te s  a t  ‘d ie  tra n s it io n  te m p e ra tu re  7 m ay account f o r  
th ©  loss o f  exchange capacity  ob served0
T h o r ia :
S t r u c t u r e s In v e s t ig a to rs  a g ree  t h a t  T h ^ 'f  undergoes
e x te n s iv e  hydro lys is  In solution* K ra u s  and H o lm berg  (??) g 
f7Q)and H ie tm a n  y ? have concluded independently t h a t  In th e  la te r  
s ta g e s  o f  hydro lys is  a series  o f  polynuelear complexes a re  
fo rm e d  contain ing th o riu m  a tom s bonded th roug h  oxygen o r
I** “i o*** ̂
h y d ro x y l groupss e 6g 0 T h  | ( O H ) ^ T h  j 0 I t  would 
ap p ea r t h a t  such complexes a re  chain like although hydrolysis  
d a ta  alone p e rm it  no conclusions as to  th e ir  shape c D o b ry 8 
Guln&rdj, and M a th ie u  « S leaud (?9) have studied colloidal 
th o riu m  hydroxide by a num ber o f  techniques 9 including e le c tro n  
m icroscopy} and concluded t h a t  th e  p a rtic le s  w e re  th re a d -lik e
q  ^
w ith  a  d ia m e te r  o f  about IB  A  and an average length o f  7 0 0 ° A o
4-€>
Th®  s t r u c tu r e  corresponds to  bundles o f  about 30 chains.., 
each, made up o f  some 300 molecules o f  th o riu m  hydroxide©
g.f.
C hafes o f  th e  ty p e  s T h O H g  have been found by ihungren and 
fed then * u~v£ (  ]J in th©  c ry s ta l s tru c tu re s  o f  basic th o riu m  
c h ro m a te , T h ( O H ) gC r O ^ 0H g O 9 and sulphate T h |O H ) pS O  0
G v
B o th  chain models p o s tu la ted  a re  v ir tu a lly  equ iva len t, sine© 
a  d e h yd ra tio n  process would yields
T h  f ( O H ) 3 T h  | ^ * “    T h  f (O )  (O H )T h  | n H g O .
B as ic  th o riu m  ch ro m at© $ h o w e ve r* was p re p ared  and found  
t©  h ave  no exchange properties©  T h is  im plies9 e ith e r  t h a t  
th,® s t r u c tu r e  o f  th is  m a te r ia l Is fundam enta lly  d i f fe r e n t  f r o m  
t h a t  o f  p re c ip ita te d  th o riu m  hydrox id e9 o r  m ore probably t h a t  
ion exchange Is p re v e n te d  by tin© compact, n a tu re  o f  th e  single 
c ry s ta ls  form ed© I t  le th e r e fo r e  assumed t h a t  th©  th o r la  
( th o r iu m  h ydrox id e) exchanger is in f a c t  th e  u lt im a te  p ro d u c t  
o f  th ©  condensations described© F u r th e r  indication t h a t  th e  
exchanger c ry s ta ll ite s  correspond to  th e  chains described by 
D o b ry  © t a l i ^ Is shown by th e  broadening o f  th©  d if f r a c t io n  
lines In a p o w d e r photograph o f  th o r ia © T h is  broadening has 
been a t t r ib u te d  to  c ry s ta l s tra in  o r  to  c ry s ta ll ite s  o f  less th a n  
1000 A  @ueĵ  |g v e ry  likely to  be t h e ’case 0
14-̂
W© m ight th e r e fo r e  consider th o r ia  as a po lym eric
ca tio n ic  s t r u c tu r e  $ In which e ie c tro n e u tra lity  is p re served
by a num ber o f  counterions® Th© disp lacem ent o f  th©s©
Ions m  a d d  solution would account 0 f o r  th©  observed anion
exchange, although th© possib ility  o f  ca tion  exchange* in
alkaline solutions 9 on th is  mod®! Is m ore d i f f ic u lt  to  explain
since th©  fu n d am en ta l po s itive  charge ©£ th© m a tr ix  m ust
change t o  a  n eg a tive  one© F u r th e r m o r e 9 D o b ry  ©t a! '
have ob ta ined by dialiysls a colloidal solution o f  th o riu m
h y d ro x id e 9 which Is  f r e e  fro m  adsorbed ions, and is s ta b le  in
so lu tion  f o r  periods o f  se vera l w eeks 0 T h is  suggests t h a t  th e
th o r ia  m a tr ix  is uncharged» corresponding to  th e  m olecule9 ( i )
(figure 8 ) a Th®  d ehydra tion  isobar obtained In therm o balance
s tu d ie s e ( f ig u re  k 9 curve  I) 9 Is s im ilar to  th o se  re p o rte d  by
W e la e r f o r  A100«© 3 H - 0  and W O „ 0F L O S which hav© beenA J & 3 d '
c h a ra c te r is e d  a© hydrous hydroxides* containing both  bound and 
In te r s t i t ia l  w a te r  s T h e  bound w a te r  w ill th e re fo r©  be p re s e n t  
as hydroxide groups* which may be elim inated as w a te r  on 
h e a tin g  g f ig u re  S 5 (2 )  o T h is  elim ination may also occur b e t we©* 
chains giving th©  th o r ia  m a tr ix  a crosslinked th r e e  dimensional 
s tr u c tu r e *  possibly c o n fe rr in g  th©  en tran ced  chemical s ta b ility  
o f  th e  d ried  m a te ria ls  f ig u re  8

*7
On th e  basis o f  th e s e  hypotheses 9 
th e  fo llo w in g  mechanism may be p o s tu la ted  f o r  ion ere change 
on th o r la  Q In  acid solution anion exchange m ay be explained
by p ro to n a tio n  o f  th e  hydroxide groups
*s* H
= ThOHg*** + O f— s T h O H g ^ C l '
In  alkaline solu tions th e  hydroxide group d issociates  leaving a  
n e g a tiv e  charge on th e  oxide s© t h a t  cation  exchange may occur
ass
*1*1
*  H a v -6> =  T h o T  H a"
A m p le t t  9 in a. s tudy  o f  th e  v a ria tio n  o f  exchange cap acity  
w ith  pH  has show n t t h a t  anion exchange occurs  up to  pH  10 0 
w hile  ca tio n  exchange Is s t i l l  appreciable below pH 8 c T h e  
absence o f  a  sharp ly  defin ed  is o e le c tr ic  p o in t ind icates  a 
d e g re e  o f  h e te ro g e n e ity  o f  exchange s ite s  s which Is probably  
caused by in te ra c tio n  and s ite  e f fe c ts  w ith in  th e  exchanger 
m a tr ix  o
JLgfc*0 and_ bases,s G a y e r and L e ld e r  have
s tud ied  -die so lub ility  o f  fre s h ly  p re c ip ita te d  th o riu m  hydroxide  
in solu tions o f  p e rc h lo ric  acid and sodium h ydrox id e«,
c o n c e n tra tio n  o f  5 sz IO*aJM & In  p e rch lo ric  a d d *  h o w e v e rp 
th©  p re c ip ita te  is v e ry  soluble 9 th e  solubility  increasing  lin early
I *  *3*
f ro m  T h  ‘ 453 O to  0 0g M  when th e  a c id ity  in creases  to
Ook M© S o lu b ility  o f  th e  gel m a te r ia l9 which w as d ried  a t  
50°  I® much reduced 9 owing to  deswelling and crosslinking o f  i ts  
s tru c tu re ©  I t  is observed 9 n ev e rth e le ss  9 t h a t  on prolonged  
exposure to  acid solutions © f 0 ol  M  and aboveg breakdow n o f  
th e  solid occurs  5 producing a milky solution© T h o r ia  exchanger 
m ay th e r e fo r e  fe© reg ard ed  sis a p ra c tic ab le  ion exchanger in
IS irconium  phosphate g
tasssasaz. saios zzjzzXilc&aejzm : sasssio
Â t l€ M I^ ^ !̂A.„§^Bi>Q^gLJSpjutionsg F re s h ly  p re c ip ita te d  sirconium  
phosphate  is soluble in c o n c e n tra ted  m ineral acid 0 
H e v e s y  and K im u ra  f^ J h a v ©  show n9 h o w ever* t h a t  th©
roc
so lu b ility  o f  'the d ried  gel m a te r ia l is only 2 s  10 ’ M  in 
10 M  H O I and - th e re fo r©  solubility In acidic solutions may be 
n e g le c te d  0
In  a ll w o rk  w ith  sirconium  phosphates 9 equ ilib ra tion  w ith
d is tille d  w a te r  caused a re lease  o f  hydrogen ion© in to  solutiono
T h is  could b© due only to  hydrolysis o f  phosphate groups o r
so lu b ility  o f  zirconium  phosphate Itse lf©  H ith e r  would re lease
phosphate  and hydrogen ions 5 b u t only th e  la t t e r  would re lease
d e te c ta b le  am ounts o f  slrconium  0 I t  has been shown t h a t
sirconium  Is ab se n t 9 so t h a t  hydrolysis  o f  th©  phosphate
(q a )
groups m u st occur© L a rs s a  and V ls s e rs  ' described a
gel m a te r ia l9 w ith  a low  phosphate to  slrconium ra t io  9 and
claim ed t h a t  l i t t le  hydrolysis  o ccu rred  in w a t e r 0 A ccord ing ly
(S?)a  m o d ifica tio n  o f  th e  m ethod o f  L#ars©n © t al© was  
a tte m p te d  5 in which th e  phosphate to  sirconium ra t io  in 
solu tion  w as I  s X r a th e r  than. 2 i 1 as In previous preparations©  
Th®  p ro d u c t9 h o w e v e r , showed s im ilar hydrolysis c h a ra c te r is t ic s
g e s t u r e s  A nalys is  o f  samples © f S r P *  T a b le  ik )  9 and 
ox th©  sirconium  phosphates produced by H evesy  and K im u ra  
and B lu m e n ta l ' showed a phosphate to  sirconium  r a t io
I*"' ) f  (SO 1
o f  2 t 1® B lu m en ta l * ' J suggested t h a t  th©  m o st 
prob ab le  fo rm u la  f o r  such compounds would fees
HO \  o  ° V  / “ *
p  II p
A  \  ^ " 3s* - ^  /  \
H O  O  " O H
corresponding to  dlphosphatosireonie acid© B lu m en ta l9© model 
h o w e v e r*  Included a w a te r  molecule bound to  th e  slrconyl 
group w hich* i f  i t  ex is ted * could n o t be s tro n g ly  c o -o rd in a ted  
since thermofeal&ne© stud ies on S r P  ind icates t h a t  th e  w a te r  
p re s e n t  is  held ia te rs tit ia lly ©
In  acid solution© th e  exchange p ro p e rtie s  o f  Z r P  may 
b® explained in te rm s  o f  acid d issociation and rep lacem en t o f  
one hydrogen ion In each phosphate grouping© In  alkaline  
so lu tion * h o w e v e r, phosphate groups w©r© easily hydrolysed  
fro m  th e  c ry s ta l m a tr ix 3
Z r O ( H EP O ^ )s *  O h " “ .  Z r O | O H ) H a P C \  *  H g P O ^ °
T h is  h y d ro ly tic  r e a c t io n  p re v e n te d  any q u a n ti ta t iv e  s tu d y  o f  
pH t i t r a t io n  d a ta *  sine© alkali was u se d  In th e  p ro c e s s e s  o f
5 /
hydro lys is  and n e u tra lis a tio n * as w ell as In Ion exchange0 
N  ©v®rth©I©8© * th e  sm ooth pseudo^m onofunctional t i t r a t io n  
• c u rve  ob ta ined f o r  S p P ,  f ig u re  h was in sharp c o n tra s t  to  
th©  re s u lts  o f  A m p h le tt  on gel m a te ria ls  9 which showed
a  num ber o f  kinks o r  d iscon tinu ities  * ind icating  a  v a r ie ty  o f  
exchange s ite s  ©
X - r a y  d if f r a c t io n  p a t te rn s  Indicated t h a t  £ 3 r P  was  
c ry s ta llin e  w ith  a  maximum cpfe spacing o f  ? 06 i i *  which w as  
in v a r ie n t w ith  Ionic fo rm *  suggesting t h a t  exchange may only 
ta k e  p lace on th e  s u r fa c e  o f  th©  c ry s ta ll ite s  and would hence  
cause U t t le  o r  no d is to rt io n  to  th©  basic c ry s ta llin e  s t r u c tu r e  
o f  th©  m ateria l©  Th© p o s tu la te d  s t r u c tu r e  o f  th©  2 r P  
exchanger p a r t ic le s  is f u r t h e r  discussed In P a r t  XV in te rm s  
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A  know ledge o f  th©  o vera ll re a c tio n  r a te s ,  and th®
K in e tic  p rocesses fro m  which th e y  ar©  derived* is o f
fu n d a m e n ta l im p o rtan ce  In th e  s tudy o f  Ion exchangers fro m
b o th  p ra c t ic a l and th e o re tic a l considerations 0
S tu d y  o f  th©  K inetic©  o f  cation  exchange d a te s  fro m
th®  classical w o rk  o f  W ay (%X$) who found th©  r a t e  o f
exchange on soil siU eates to  be quit© rapid  * and only s lig h tly
a f fe c te d  by te m p e ra tu re • W e ig n e r ^ ^  considered th©  ra t©
© f ©xehaxig© on s ilica tes  to  be dependent upon th e  location  o f
exchanging s ite s  , and so u lt im a te ly  upon th e  physical
c h a ra c te r is t ic s  o f  th e  exchanger m atrix®  A lthou gh Nachod  
f V f ) ( 88)̂and Wood ' ,  Thom as '  , and <Juda and C a rro n  ' UB‘
have in te r p r e te d  exchanges in te rm s  o f  a  bim olecular re a c t io n 9 
i t  is  now  a lm o s t genera lly  accepted  t h a t  th©  r a te s  of  exchange  
re a c tio n s  a r e  governed only fey ion t ra n s p o r t  o r  d iffu s io n  
processeso I t  is  in te re s t in g , h o w e v e rs to  not© t h a t  th is
Is  not; a lw ays  t r u e  in exchangers which bind ions by o th e r  th a n  
p u re  e le c tro s ta t ic  forces®  T u rs ©  and R iem an s f o r  
in s ta n c e , have re c e n tly  s u b s ta n tia te d  a chem ically co n tro lled  
r a t e  d e te rm in in g  s te p  in th e  exchange o f  calcium and sodium 
Ions on th e  chelating  res in * D o w ex  A  « 1 G
Sq.
Boyd 9 Adam son and M yers  ($2) 9 have shown 'that; 
t r a n s p o r t  processes In exchange re ac tio n s  could b© In te rp re te d  
In te rm s  © f a N e r n e t  film  ( ^ X  (®4)  at  th©  s u r fa c e  o f
th©  exchanger© A ccord ing  to  th is  th e o ry  th©  bulk o f  
solu tion  w as in stantaneou sly  mixed by s t ir r in g  9 b u t close to  
th e  solid s u r fa c e « th e r e  was a th in  film  o f  immobile solu tion  
in which t r a n s p o r t  could only occur by d iffu s io n « W ith  a  
s t ir r e d  suspension © f p a rtic le s  th©  problem  Is much m ore  
complex® N e v e r th e le s s 9 sine© f t  Is impossible to  mix a 
solu tion  r ig h t  up to  th e  s u rfa c e  o f  a solid phase 9 th©  
com plicated  hydrodynam ics may b© re p re s e n te d  schem atica lly  
by considering th©  solution as a com pletely mixed volum e9 and 
an u n s t ir re d  s ta t ic  la y e r o f  th ickness *S« Th© th ickness  o f  
th is  film  Is usually deduced fro m  K in e tic s  9 and n o t Me© versa©  
I t s  dependence upon v isc o s ity  9 te m p e ra tu r e p and s t ir r in g  
Is p ro b le m a tic a l 9 and so th is  concept has been © f l i t t le  
th e o re t ic a l im p o rtan ce  ©
In  genera! 9 t h e r e fo r e s a  cation  exchange re a c tio n  such 
as 9 Y  A  X R  83 Y E  + X v may be reg ard ed  as ta k in g  place
j j w
th ro u g h  a num ber o f  stepsg f I )  film  d iffu s io n  o f  Y  ions 
th ro u g h  th e  solu tion up to  th e  s u r fa c e  o f  th©  exchanger 
p a r t ic le 9 (2 )  d iffu s io n  o f  Y *  ions to  an exchange sit©  X R
w itn ln  t n ©  solid 9 | 3 } chem ical ©xch&ng® b s tw s e a  Y  * and 
XR . f4 )  «1£ fus ion  o f  X  ' ions in 'th© solid ‘to  th©  s u rfa e ® , 
and (5 )  tllrn  d iffu s io n  o f  X  ** Ions 'through th©  solution aw ay  
f r o m  th©  partic le®
N eg le c tin g  th©  chemical s tep  ({3)5  th©  ra t©  o f  re a c tio n  
m ay th e n  h© co n tro lled  by tw o  sim ultaneous p rocesses $ 
d iffu s io n  o f  ions th roug h  th© film  9 and th ro u g h  th e  exchanger 
bas@0 Sine© non s tead y  s ta te  conditions apply 9 d iffu s io n  
Is governed by F iek %  second la w , la 'the fo r m , ^C-J  < t̂ 
^ «=» D  (o 'C x  /  o x  ) 0 city is th©  ra t©  o f  d iffu s io n  o f  th©
X  ‘ Io n s« D  Is th e  d iffu s io n  c o e ff ic ie n t*  and th©i\ /
*
ra t©  © f change o f  co n ce n tra tio n  g ra d ie n t In th e  . medium 0
B ach  d iffu s in g  ion w ill fo llo w  th is  law  in both  film  and
exchanger p a r t ic le ,  and th e  problem  is f u r th e r  simplified, by
th®  f a c t  t h a t  solid d iffu s io n s  a re  coupled® D iffu s io n  o f  X  *
"5*Ions in on© d ire c tio n  is conditional upon d iffu s io n  o f  Y  ion© 
in th©  opposite  d ire c tio n  du© to  th©  overa ll m aintalnenc® o f  
© le e tr  © n e u tra lity  In bo th  solution and exchanger© N o t  only 
ar®  th©  flu xe s  o f  X v and Y ':’ equal and o p p o s ite , b u t so also  
ar®  th©  c o n c e n tra tio n  g ra d ie n ts , dcKy4)xand r)Cy j  ebc 
A  given p a ir  o f  exchanging ions m ust th e re fo r®  shar© a common
f>(c?
d iffu s io n  c o e ff ic ie n t  D | f o r  p a r t ic le  d iffu s io n * Sine©  
c©nc@ ntr&tion changes and m ovem ent o f  cottons ar©  possible  
w ith in  th®  film  9 St Is usual to  consider th e  film  d iffu s io n  
eo© f fSclents o f  X  ‘ and Y  ' ions to  b© Independent , ^ and
■A'h»
D  „  + re s p e c tiv e ly  e
riot
F u r t h e r  s im p lify in g  assum ptions a re  necessary  b e fo re  
a m ore  manageable K in e tic  expression can b© derived© i t  
I© assum ed t h a t  equilibrium is m aintained a t  th e  ro s in /s o lu tio n  
in t e r f a c e 5 governed by th e  usual mass a c tio n  expression 9
3 / ij ? *i* j-’" j  \/ \J *̂r* G?>
t \ v ~ j  A /  j, w h ere  Y  and X  r e f e r  to  co n cen tra tio n s
in th©  exchanger phaseo k 2 9 D y ^  and and §
ar©  assum ed c o n s ta n t th ro u g h o u t th e  exchange 9 and 
conditions m u s t b© chosen accordingly ©
M eth o d s  f o r  studying th© K in e tic s  o f  r a te  processes on 
exchanger p a r t ic le s  fa ll  In to  tw o  c a teg o rie s ! lim ite d 9 and 
In f in ite  b a th  tech n iq u es» I n  a lim ited  b a th  exp erim en t samples 
o f  exchanger ar©  re a c te d  w ith  volumes o f  solution by a 
b a tc h  m ethod 9 bo t h a t  during exchange th© com position o f  th©  
so lu tion  changes© On th®  o th e r  hand & In In f in ite  b a th  
e xp e rim e n ts  j, shallow beds o f  exchanger p a rtic le s  ar©  flushed  
w ith  re a c tin g  solution so t h a t  th e  exchanging p a r t ic le  is In 
c o n ta c t w ith  a solution o f  c o n s ta n t com position th ro u g h o u t
th©  @xchan@©o Th© m ath em atics  o f  th©  la t t e r  problem  a re  
much simpler* o
E xp ress io n s  t o r  th e  o vera ll K in e tic s  a re  v a ry  com plex9
having been derived  in only a  fe w  se lected  eases 0 T h e  m ost
su cc ess fu l appear to  be th o se  o f  B d esku ty  and Amundson (®*>)
and Adam son and G rossm an 9 f o r  shallow bed
d iffu s io n  studies© Boyd e t  9 h o w e ve r* po inted o u t
t h a t  in m ost p ra c tic a l eases e ith e r  d iffu s io n  acro ss  a  f ilm *
o r  in th©  exchanger p a r t ic le  would o f f e r  negligible re s is ta n c e  9
and hene© th®  o vera ll re a c tio n  could be c lass ified  as
pred o m in an tly  a  p a r t ic le 5 o r  a film  d iffu s io n  mechanism©
F i lm di f fu s io n s f X) © In  shallow bed d iffu s io n  Boyd ©t a l0
expressed  t r a n s p o r t  o f  Ions acro ss  th©  N e rn s t  film  by a
single d iffu s io n  c o e ff ic ie n t*  D 't  Th® th ickness o f  th e  film
around th e  exchanging partic le©  is ta k e n  as d 9 and i t  Is
assum ed t h a t  chem ical equilibrium a© m aintained a t  th©  s u r fa c e
o f  th©  p a r t ic le s  th ro u g h o u t exchange© F ic k 's  law  was
applied 9 and th e  re s u lta n t  expression was {1 ■=» F )  ®
« H t«  w h e re  F  23 th©  am ount o f  exchange a t  t im e  t  /
§
th©  am ount -l>f exchange a t  in f in ite  time© R  23 3D / r  
w h e re  K  is. th e  d is tr ib u tio n  c o e ff ic ie n t o f  Y  Ions In th e  solidv 
and r 0 Is  th e  mean radius o f  th©  partic les©  K  is ta k e n  to
b© a. c o n s ta n t th ro u g h o u t  th© exeh&ng® 9 and i t  is usual t©  
m ain ta in  th©  exchanging Ion Y  ’ as a m icro com ponent in
th®  system  ©
A  fu rth e r*  In te rp re ta t io n  o f  film  d iffu s io n  In in f in ite
b a th  exp erim en ts  j, by Adam son  and G rossm an (96)(&?) v is
mor© g en era l* including th© s e p a ra te  d iffu s io n  c o e ff ic ie n ts
and D .^ t e T h e  fin a l expression o f  th©  ra t©  equation
i©g, h o w e v e r9 s im ilar t o  t h a t  o f  Boyd © t a le B o th
t r e a tm e n ts  show t h a t  th e  ra t©  o f  an exchange $ con tro lled
by  film  d iffu s io n  9 is dependent upon th e  ra t©  o f  f lo w  and
c o n c e n tra t io n . o f  th e  e x te rn a l solution* and v a rie s  In verse ly
a© th©  rad ius  o f  th© p a r tic le  sis© o f  th© exchanger*
(98)
21 K re s s m a n  and K itc h e n e r " have developed an 
©xjj©ssion f o r  film  d iffu s io n  K in e tic s  in lim ited  b a th  exp erim en ts  
A  re s in  o f  cap ac ity  Q  meq* o f  X  " ion wassail©wed to  r e a c t  
w ith  a so lu tion  contain ing an equals am ount o f  Y  ions*
Th©  f in a l expression (1  «=» F )  ® C t  Q 0/ Q 00 ? is v a ry
s im ila r to  t h a t  derived  by Boyd ©t a l0 Qeo *^be am ount
i  f i  .  » ^  „
o f  re a c tio n  a t  equilibrium * and G 53 D “ K /o  g i t  Is a
c o n s ta n t o f  p ro p o rtio n a lity  *
In  1 and I I  th e r e fo r e 9 th e  ra t©  o f  exchange th ro u g h  
f ilm  d iffu s io n  is  p ro p o rtio n a l to  th e  ra t©  o f  s t ir r in g *  th e
c o n c e n tra tio n  o f  ion© In solution 9 and in verse ly  p ro p o rtio n a l 
to  th e  rad ius o f  th©  res in  parties!®© Th© dependence o f  
r a t©  upon co n c e n tra tio n  o f  exchanging ion Is n o t im m ediate ly  
obvious fro m  th e  fin a l r a te  expressions« In  th e ir  d e riv a tio n
h o w e v e r9 th®  r a te  o f  exchange was calcu lated  fro m  a eon** 
c e n tra t io n  g ra d ie n t acro ss  th© f i im 5 and so is dependent 
upon th e  c o n c e n tra tio n  o f  ©xt©r;
P a r t ic le  d iffu s ions  Th© K in e tic s  f o r  n a rtie l©  d iffu s io n  In an 
In f in ite  b a th  have been derived  by Boyd ©t a lo ^ O  p w h ere  
th©  exchanging Ion Is p re s e n t as a m icro com ponent o f  th e  
sy s te m  © Th©  m ath em a tica l t r e a tm e n t  was based on 
conduction o f  h e a t  In to  a sphere fro m  an In f in ite  sourc© § 
and th©  fin a l expression, w a s ,
riCT £?0
F  = 1 « 6 / tC  I /n  exp Q f«»B tn ^}/n 6'©
C~ !
B  -  1% ® D i/r®  w h ere  D i Is th e  m utual d iffu s io n  c o e ff ic ie n t  
o f  X v and Y %* ions In th©  exch an ger&
Th©  corresponding th e o ry  f o r  a lim ited  b a th  exp erim en t
f  QQ)w as given by C a rs la w  and ^Jaeger r o T h e ir  t r e a tm e n t  
w a s , h o w e v e r9 less convenient th a n  t h a t  o f  P a te rs o n  
which expressed th e  am ount o f  reactio n ,, W in te rm s  o f  
a p a ra m e te r  X  « (D ? /r a ) to  Th© r a te s  o f  exchange f o r
c o n c e n tra tio n  * and  a re  defined  by p a ra m e te rs  which v a ry  
a© 1 /r ^ o
Plot:© o f  t  and B t  against t  should th e r e fo r e  b© 
lin e a r  and o f  slop© provided D i is constant©  F o r  
p a r t ic le  d iffu s io n  in In f in ite  b a th  stud ies  th e r e fo r e  9 th©  
B i / B g  12 rg  / r |  w h ere  r -3 and rg  a re  th©
ra d ii o f  th©  p a rtic le s  in each d e te rm in a tio n  o
C h e m ical C o n tro ls  When th e  re a c tio n  ra t©  is con tro lled  by 
a  chem ical s te p  * th©  fin a l expression f o r  th e  K in e tic s  
a© th e  fo rm *  In (1  -  F )  52 «■ S t©
S  » K-j mv-> + K g M y"5* * w h ere  and K g a re  th©
s p e c ific  r a t e  co n s ta n ts  o f  fo rw a rd  and backw ard  exchange 
and M v +  and M y  *  a re  th e  co n cen tra tio n s  o f  th e s e  ions in 
s o lu tio n 0 Th©  fo rm  o f  th is  expression is id en tica l w ith  t h a t
given by Boyd ©t a! f o r  film  d iffu s io n  K in e tic s  S h o w ever 3 
d i f f e r s  fro m  th©  c o n s ta n t - R in t h a t  i t  is independent o f  
p a r t ic le  sis© and o f  f lo w  (s t ir r in g ) *  being dependent only 
on th®  c o n c e n tra tio n  o f  ions in solution * and te m p e ra tu re  o 
I t  is  th e r e fo r e  possible to  distinguish each ra t©  
c o n tro llin g  mechanism by observing th© changes in r a te s  which
the concentration of the exchanging electrolyte 0
In v e s tig a tio n s  on p a r t ic le  d iffu s io n  by H e lf f© r ic h  
(1 0 2 ) (1 0 S )(W 3 )(2 0 4 )  _  >t, .
have shown t h a t  th e  f lu x  o f  moving
Ions In an exchanger can be expressed in te rm s  o f  th e  
c o n c e n tra tio n  and an in te rd if fu s io n  c o e ff ic ie n t  which depends 
upon th e  r a t io  o f  c o n c en tra tio n s  o f  th©  exchanging- tons 0 
I t  is a problem  o f  non lin ear d iffu s io n  and has to  be solved  
by nu m erica l in te g ra tio n *  A p p lica tio n  o f  th is  advanced  
t r e a tm e n t  re q u ire s  th©  exchanger in th e  fo rm  o f  solid 
homogeneous ro d s* which is a t  present im possible f o r  inorganic  
exchangerso T h e  common assum ption t h a t  D j is c o n s ta n t  
th ro u g h o u t exchange m u st th en  be reg ard ed  as an approx im atio n  
in a ll b u t iso to p ic  exchange* I t  is , h o w ever a u s e fu l p o s tu la te  
giving a. mean d iffu s io n  c o e ff ic ie n t f o r  exchange* F u r th e r m o re  
i t s  application  provides valid c r i te r ia  f o r  distinguishing ra t©  
co n tro llin g  m echanism s
In  ‘th e  p re s e n t s tud ies  upon th e  r a te s  o f  sodium /hydrogen
o rig ina l th e o r ie s  and ©specially th o s e  o f  Boyd ©t al have  
been te s te d *
exchange on th o r ia  and 2z»P and */K  ’ on SSrPg th e
b x p b r i m b n t a l .
b3>
P art!a le - s izo s i A  know ledge o f  th e  ra t io  o f  th e  rad ii o f  
th e  p a rtia l©  s izes was n o cessarly  f o r  th e  in te rp re ta t io n  o f  
re a c tio n  r a te s  o f  d i f f e r e n t  sieved f r a c t io n s « In  th e  f i r s t  
m ethod an o p tic a l m icroscope was used t© m easure 100 
p a r t ic le  d ia m e te rs  o f  ©aeh sam ple9 and th e  averag e  ta k e n © 
S in c e  many o f  th e  p a r tic le s  w e re  o f  ir re g u la r  shapes a 
second and independent e s t im a te  o f  th e  re la t iv e  s u r fa c e  a re a s  
o f  th e  samples w as mad© using a dye ad so rb tio n  m ethod  
s im ila r to  t h a t  o f  K o lth o f f  and O ’B rie n  e •
W eighed samples o f  th e  exchanger w e re  eq u ilib ra ted  
w ith  solu tions o f  B r i l l ia n t  C re s y l B lu e , having a pK  value  
w ell o u ts id e  th e  pH  range en co u n tere d 0 C o n c e n tra tio n s  o f
th e  dye w e re  d e te rm in e d  s p e c tro p h o to m e tric a lly  on a H ilg e r  
'CJvispee a t  639 m^ 4  a f t e r  v e r ify in g  B e e r ’s L a w 0 T h e  
r a t io  o f  th e  e f fe c t iv e  s u r fa c e  a re a s  o f  samples in tw o  
p a r t ic le  s izes was obtained fro m  th e  am ounts © f dy© adsorbed©
Kxehang© Experim ents  
L im ite d  b a th s S od ium /h yd ro gen  ion exchange w as stud ied  on 
th o r ia ? p re p a re d  by th e  m ethod described  in P a r t  I X 9 page 0 
C onvers ion  o f  th o r la  to  th e  hydrogen fo rm  was made 
d i f f ic u lt  by I t s  am p h o te ric  p rop erties©  B a tc h e s  w e re  washed
in a  column w ith  d is tilled  w a te r  f o r  prolonged periods 9 th e  
hydrogen fo rm  being produced by a h y d ro ly tic  re a c tio n  §
A  and B  w e re  ob ta ined  in t i l ls  way® In  add ition  th©  
hydrogen fo rm  o f  Bp was made by t r e a t in g  sam ples w ith  
Go01 M  H C lo  solutions and washing f r e e  fro m  chloride Ion 
w ith  d is tille d  w a t e r » A  f u r t h e r  m ethod w as a t te m p te d  9 
based upon th e  exchange re a c tio n  b e tw e e n  tw o  res in s  in  
aqueous suspension8 d e m o n s tra te d  by K re s s  man ■ and K itc h e n e r  
« S am ples o f  th o r ia ,  w e re  th e re fo r©  shaken s e ve ra l 
days w ith  a mixed bed o f  th e  res in s  A m b e r lite  I 0R o A 0 hGG 
in th©  h yd ro xy l f o r m s wad A ra foerlite  X®R© 120 In th e  
hydrogen form © Th© organic  ro s in s , subsequently rem oved  
by f lo ta t io n s w e re  shown to  rep lace  q u a n tita t iv e ly  any ion© 
o rg lna lly  held by th©  th o r ia ,  and ba tch  was ob ta ined 0
Ool g® samples o f  th e  th o r ia  w e re  added to  30 o r  50 rr 
p o rtio n s  o f  G®01 M  N a O H  s o lu tio n , contain ing 0®01, 0©15 
o r  loO M  N a C l,  and shaken m echanically in a th e r m o s ta t  a t  
2 5 °  a Th© p ro ced u re  w as s im ilar to  t h a t  by C onw ay e t  a! 
(lots)  ̂ anc| th e  am ount o f  hydroxide used was in each ease  
la rg e r  th a n  th e  ion exchange cap a c ity  o f  th e  th o r ia  sam ples 0 
A f t e r  a given tim © 5 th e  am ount o f  exchange w as d e te rm in ed  
by t i t r a t in g  p o rtio n s  o f  th© s u p e rn a ta n t liquid ag a in s t 
s ta n d a rd  G eG i M  H C U  F o r  periods s h o r te r  th a n  about 
5 m inutes 8 th e  techn ique described  by A m p h le tt  ©t al * 
w as used * R e a c tio n  was c a rr ie d  o u t in a  s in te re d  «- glass
-funnel which could be connected to  suction  f o r  rap id  rem oval 
o f  solu tion  ̂ samples f o r  analysis 9 o r  to  s lig h t a ir  p re s s u re  tc  
p re v e n t dra inage Q
R a te Os o f  exchange a t  25 w e re  also fo llo w ed
po ten t!©  m e tr ic a lly  using th e  cell
G lass S o lu tio n  under­ B a t  0 C alom el
e le c tro d e s tu d y K G l e le c tro d e  0
In c o rp o ra tin g  a s t i r r e r  as shown In f ig u re  { 5a) o S 9fflofo
m easu rem en ts  w e re  made w ith  a P y e  p o te n tia m e ta r  and 
viferon e le c tro m e te r  ( B o I o L o  model 33 B )  as a null d e te c to r  
B ia c tro d ©  B y s t e m s  w e re  s tan d ard ised  w ith  O 0O5 M potassiun  
hydrogen p h th a la te , pH  83 4oQ G 5 u BoD o  H  tab lo id  b u f fe f '
pH  « 6 099s and Q o 0 5  M  sodium b o ra te s P h  9 old a t  3 5 °
In  th o r ia  e x p e rim e n ts , th e  cell in co rp o ra te d  a device  
f o r  th e  rap id  add ition  o f  Oo5 g samples o f  exch an ger, s lu r r i&A 
w ith  5 ml o f  d is tilled  w a t e r ,  to  145 mlo o f  sodium hydroxide  
chloride m ix tu re  c. N itro g e n  w as bubbled th ro u g h  th e  so lu tion ,
during  e x p e rim e n ts 0 S in ce  JA lk i5 glass e le c tro d e s  showed  
sm all, b u t reproducib le  d r i f t s  In e 0m ofo a t  th e  high p H 0© o f  
th e s e  s tu d ie s , c o rre c tio n s  w e re  made f r o m  blank experim ents  
In  th e  exp erim en ts  w ith  sireonium  phosphate f S r P ) ,  
a s tro n g e r  acid exch an ger, O 05 g samples w e re  added to  
145 mlo of. c a rb o n a te  f r e e  w a te r  in th e  cello A f t e r  an
(*(o
in it ia l rap id  f a l l  In  ©0m 0f « due t o  h y d ro ly s is * th e  read ing
becam e s te a d y  0 5 m l* o f  sodium chloride so lu tion  w e re
th e n  added fro m  a  f a c t  d e liv e ry  p ip p e tte , giving In it ia l 
c o n c e n tra tio n s  o f  Q oO l  and 0 * 1  Mo T h e  change in  Soffiofo 
w as fo llo w ed  w ith  t im e *  R a te s  o f  change o f  ©ora»f«!s f o r  
th e  sm alle r siaed p a r t ic le s  w e re *  h o w e v e r *  to o  rap id  f o r  
manual op eration s  and w o re  re co rd ed  by rap id ly  photographing  
b o th  v ib ro n  and t im e  scales 0
O s 'V k v  exchange on S r P *  A  num ber o f  e xp erim en ts  w e re  
made on sirconium  p h o sp h a te , using a  shallow bed m ethod* 
s im ila r to  t h a t  described  by Boyd @t ai©
T h e  e x te n t  o f  exchange w as d e te rm in ed  by counting 
a c tiv e  solid sam ples contain ing C s ŝ  T h e s e  w e re  
t r a n s fe r r e d  to  a  p la n c h e tte f and evenly d is tr ib u te d  o v e r th®  
counting area. 5 ensuring c o n s ta n t solid g e o m e try  o f  s o u rc e s 0 
In  a t r i a l  exp e rim e n t ? th e  p o o re s t possible d is tr ib u tio n  o f  
solid sources  re s u lte d  in a counting loss o f  less th a n  5$o 
S Jrrors  due to  va ry in g  g e o m e try  in p ro p e rly  m ounted sources  
w e re  th e r e fo r e  considered negligible 0 T h e  /&  a c t iv it ie s  w e r
d e te rm in e d  by s ta n d a rd  cetahting techniques* using an end 
w indow  ^gelger M u lle r  tu b e * and an I o D , L g  s c a le r { ty p e  1 7 0 0 )  Q 
lO b- counts  w e re  m ade each t im e *  reducing counting e r r o rs  to
£ l$o F u r t h e r  c o rre c tio n  o f  counting r a te s  f o r  background  
and coincidence e r r o r s  w e r e  applied § and hence th e  p e rc e n ta g e  
a tta in m e n t  o f  equilibrium  w as c a lc u la te d 0 T h e  o v e ra ll accu racy
o f  th e  d e te rm in a tio n s  w as e s tim a te d  a t  ±5$©
A  5 0  o r  a  lO O  m g0 sam ple o f  23 rP  w as In tro d u ced  in to  
th e  sm all glass cell o f  6 mom* d ia m e te r  shown In f ig u re  ( 9 ) :  
covered  a t  each end w ith  ZOO  B © 3  ©S© nylon gauae© T h e  cell 
w as connected by a  quick f i t  jo in t to  th r e e  re s e rv o irs *  any one 
o f  which could he s e le c te d  by th r e e -w a y  taps© A f t e r  flush ing  
w ith  d is tille d  w a te r  to  rem o ve  a ir  bubbles* th e  exchanger was  
conditioned by passing an in a c tiv e  solu tion o f  5 x  lO ” ^ M  G s C l 
in O ol M  KC1 f o r  th r e e  hourso F o llo w in g  th is  pr© “t r e a t m e n t 0 
a so lu tion  o f  th e  sam e bulk c o n c e n tra tio n ) b u t contain ing C s ^ / 
as t r a c e r ,  w as fo rc e d  th ro u g h  th e  shallow  exchanger bed f o r  a  
pr© “d e te rm in e d  t im e , and Im m ed iate ly  w ashed w ith  w a t e r 0 T h e  
sircontum  phosphate  was th e n  flushed  fro m  th e  cell* f i l te r e d *  
and d ried  w ith  a c e to n e , b e fo re  placing on a counting p lanehette©  
N o  a c t iv ity  w as rem oved fro m  th e  exchanger during  th e s e
I  *5l *7
operations©  A m o u n ts  o f  G B J (  in  th e  solid w e re  th e n  ob ta ined  







R E S U L T S
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M ^2 ^ o ff ffh ar#e_L D a ta  f o r  th e  tw o  p a r t ic le  sisea  
ms.eci In th e  s tu d y  o f  sodium /hydrogen exchange on h y d ra te d  
th o r la  a r e  show n  In ta b le  C 8} s and f ig u re s  CIO) and.. CM) o 
T a b le  | 8 ) t
, Sodium
c h l o r i d e  im nber (|fe
P a rtic le  sisse
B D, 5S 10c 4 K o a n  R a d i u s  ,
d i a m e t e r  fma d y e  ' 4 ' sbs'Vs©?,
{3,0. S. ,  w  ( A i M t W B X .
h: A 1,00 60-100 250 1 *8* 0,1? 4® 4
A 0,10 60-0.00 250 1*84 0,1? 4c- 4
%, A 0*10 60-100 250 1*84 0.17 4® 4
3t A 0*10 160-200 134 1*00 o ja 4*9
% A 1,0 160-200 134 1,00 0.51 4.9
U p % 0,01 60-100 250 i 0 ai:, 0*58 153ISp Bjl o.io 60-100' 250 1»84 0*58 is a
Up % 0*01 " 60-400 250 1,84 ' 0*58 15.8
iip b3 oao 60-300 250 1.5, 8 Jr. 0.12 <8 ^
gareonlmm phos p h a te o
B odtum /hydrQ^en i exchan g e s H a te s  w e re  fo llow ed  by th e  
®0m 0fo  m ethod., and th e  re s u lts  f o r  tw o  p a r t ic le  s izes 6 0 * 4 0 0  
and 160=43 €)€> B#BoS4 a re  sum m arised in ta b le  J9)« P lo ts  o f  















Radius *_ ( F
from dye 
(A rb itra ry )
17 0 o01 60-100 360 1 ,9 2 ,6
18? o a o 60-100 360 1 ,9 206
2&P 0o10 160-200 119 1 ,0 6 ,7
25? 0.01 180-200 119 1 ,0 6 ,7
C aes iu m /p o tass iu m  ; R e s u lts  o f  exchange exp erim en ts  on
b o th  p a r t ic le si see uslng in f in ite b a th  techniques a re  given in
T a b le  ( l O )  and f ig u re (131 •
T a b le  Q Q ) §
In f in i te  b a th e x p e rim e n ts , 5 x 0 “ 5 Caesium  chloride
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T H O R X A :
Kaxspasjsesitsacezoao sUzzkZ?*
W ith in  experim enta l* e r r o r .  B» and Bo showed th©
sam e exchange r a te s  f o r  sodium /hydrogen exchange& w hile
B j e p re p a re d  by eq u ilib ra tin g  w ith  organic ream s * appeared  to
be considerably s lo w e r0 On  washing B j  w ith  acid* h o w e v e r9
a r a t e  approaching t h a t  f o r  B j and Bg> w as obtained 0 T h is
as n o t easy to  explain* b u t i t  m ay be due p a r t ly  to  ab so rp tio n
o f  o rgan  iC  m a te r ia l on th©  s u rfa c e  o f  th e  exchanger p a r t ic le s *
although th e  c o n c e n tra tio n  m u st be  v e ry  sm all0
Good agreem ent. Is shown b e tw e e n  t i t r a t io n  and ©0m<>fo
e x p e rim e n ts * shown in f ig u re s  ( lO )  and (11) 0 F ro m  th e s e  i t
Is ob served  t h a t  r a te s  o f  exchange a re *  w ith in  exp erim e n ta l
e r r o r *  independent o f  sodium Ion c o n c e n tra tio n  b e tw e e n  O o Q i M
and ioO  M , and m arked ly  dependent upon p a r t ic le  s !se0
F u r th e r m o r e  * r o ta to r y  s t ir r in g  In p o t en tlo  m e tr ic *  and
m echanical shaking In t i t r a t io n  exp erim en ts  w e re  w ith o u t
e f f e c t  on th e  r a t e  o f  exchange, po in ting  to  p a r t ic le  d iffu s io n
as th©  r a t e  d e te rm in in g  mechanismo In  analogous exp e rim e n ts *
Conway, R'Mchenberg and Gr@©riib^  successfully applied the
f& j)
particle diffusion theory o f Boyd e t alo ^  * describing diffusion 
into spherical particles o f radius r* by the expression
7 3
T h e  main c r ite r io n  o f  in f in ite  b a th  cond itio ns» f o r  which  
equation ( I )  is s t r ic t ly  applicable is t h a t  th e  Sonic com position  
o f  th©  s u r fa c e  o f  th e  exchanger should rem ain  c o n s ta n t during  
th©  K in e tic  e x p erim en t In  th is  s e ries  o f  In v e s tig a tio n s *
th e s e  conditions p re v a il 9 since th e  hydrogen ions em erging fro m  
th e  exchanger a re  n e u tra lis e d  by excess h yd ro xy l Eons0 
S xe h a n g er s u r fa c e  may th e n  be considered, s a tu ra te d  w ith  
sodium ion© th ro u g h o u t th e  exchange p ro c e s s » T h e  th e o ry  o f  
Boyd.? A dam  son y and M y e rs  was th e r e fo r e  applied©
S in c e  F  was a  calculable fu n c tio n  o f  B t s as shown In  
equatio n  ( I ) ,  i t  w as m o s t convenient to  o b ta in  B t  f o r  each 
value o f  F  f ro m  K elehenberg3s ta b le s  p exi^  to  p lo t th is  
a g a in s t ex p e rim e n ta l time© T h e s e  curves  included in f ig u re s  
CIO) and (11) a re  lin e a rs ind icating  t h a t  B  is a  c o n s ta n t f o r  
each p a r t ic le  sise© F ro m  equation (B ) i t  fo llo w s  t h a t  D i  
is  also independent o f  F©
T h e  mean rad ius o f  th e  p a r t ic le s  m easured o p tic a lly *  
w as 13k f o r  th e  s m a lle r , and 2 5 Q / r A* f o v  th e  la rg e r  sised  
f ra c t io n s  © T h e  r a t io  o f  th©  squares o f  th e  ra d ii Is th e r e fo r e
3 * 4 6 ,  which ag rees  w ith in  exp erim en ta l e r r o r  w ith  th e  In ve rs e  
r a t io  o f  th©  re s p e c tiv e  B  values as req u ire d  by equation (2 )  <> 
S in c e  many o f  th e  p a r t ic le s  w e re  ir r e g u la r ,  dye  absorp tio n  
m easu rem en ts  provided an independent value o f  th©  r a t io  o f
s u r fa c e  areas© A ssum ing th©  p a r tic le s  to  be s p h e rica l,
th e  r a t io  o f  th©  squares o f  th©  ra d ii w as 3o2 :k O 0%9 again  
in good agreem ent©  W ith in  exp erim en ta l e r r o r  th e r e fo r e *
O
th e  p ro p o rtio n a lity  o f  38 to  Is c o n firm e d , and th e  e f fe c t iv e  
d iffu s io n  c o e ff ic ie n t  m ay be calculated© V a lu e s  a re  given In 
ta b le  (8 ) 0 I t  is  seen t h a t  f o r  B  is  g r e a te r  th a n  t h a t  f o r  
A *  re f le c t in g  th e  d i f f ic u lty  o f  reproducing  sam ples o f  th o r la  
exchanger 0
Q  <r'p
E f f e c t iv e  d iffusion, c o e ff ic ie n ts  o f  k  to  15 2 IG 'c n A / s e c  
f o r  N a v/ H v exchange on th o r la  may b© com pared w ith  values
It** *25
f r o m lC f  to  lO*8"-* cm /s e e  f o r  sulphonlc acid re s in s , and 
4  x  SO " cm /s e c  f o r  th e  w eak acid exchanger A m b e r lit©  1R C # 5 0  
I t  may be o b served , th e r e fo r e s t h a t  th e  e f fe c t iv e  d iffu s io n  
c o e ffic ie n t©  o f  organic  res in  exchanger© w ith  com parable  
crosslink ing  d e creas e  w ith  fa llin g  s tre n g th  o f  th©  acid exchange  
group© C o n w a y , Reich©nfeerg, and G reen  U & V h av©  shown t h a t  
th is  Is  due to  Incom plete  d issociation  o f  th e  hydrogen fo r m ,  
allow ing fe w e r  f r e e  hydrogen ions in th©  solid ph ase , and bo 
reducing th e  e f fe c t iv e  c o n c e n tra tio n  gradients©  In  such a  
c la s s ific a tio n * t h e r e fo r e ,  w e m ay consider t h a t  th o r la .  In 
ca tio n  exchange, behaves as a  w eak acid exch an ger, probably  
so m ew h at s tro n g e r  th a n  th©  carboxyllc  resinso
SSIreontum nhosphat® s
exchang es Th©  r a t e  o f  exchange, Is again  
independent o f  s t ir r in g ,  and o f  c o n c e n tra tio n  o f  N & *  ion© 
b e tw e e n  Q e O l and O o lO  Mo I t  is t h e r e fo r e  probable t h a t  
th e  r a t e  c o n tro llin g  mechanism is p a r t ic le  d if fu s io n e T im e  
p lo ts  o f  Etc in f ig u re  (12) a g re e  v e ry  w ell a t  each ionic s tre n g th ,  
th e  good lin e a r ity  im plying a  c o n s ta n t e f fe c t iv e  d iffu s io n  
c o e ff ic ie n t  o v e r  a rang© composition©
A lth o u g h  th is  th e o ry  Is s t r ic t ly  f o r  in f in ite  b a th  
e x p e rim e n ts , it®  use in th e  p re s e n t ease Is ju s t if ie d  by th©  
sm all change in e x te rn a l solu tion c o n c e n tra tio n  (nJ IQ $) coupled
w ith  th e  high s e le c tiv ity  o f  zirconium  phosphate  f o r  a lkali m e t a!
(209)Ions o B o th  e f f e c t s  te n d  to  m ainta in  s u r fa c e  ©22change 
groups s a tu r a te d  w ith  sodium ions© F u r th e r m o r e 9 th©  implied  
constancy o f  D j may b© due to  th©  s im ila r ity  o f  th e  co«sphex*es 
o f  N a v and H  ‘ Ions suggested  by G u r n e y ^ ^ m  te rm ©  o f  
v is c o s ity  m easu rem en ts  in e le c tro ly te  so lu tions 0 Xn s u p p o rt o f  
th is  Soldano and Boyd have  also shown t h a t  s e lf  d iffu s io n  
c o e ff ic ie n ts  f o r  sodium ions v a ried  by only ab o u t 6$ o v e r & 
range  o f  hydrogen Ion com positions fro m  O to  93$ o 
Cg^^3jp,m /p o j^ s s inrn i exchange  ̂ I n  th is  case an in f in ite  b a th  
techn ique w as employed 0 T im e  p lo ts  o f  F  and B t  a r e  given
7 6
In f ig u re  C13K T h e  l a t t e r  show good lin e a r ity  and provide  
f u r t h e r  evidence t h a t  p a r t ic le  d iffu s io n  is th e  r a te  con tro llin g  
m echanism 0 P a r t ic le  s ize s , d e te rm in e d  m icroscopically? a re  
given in ta b le  ( I Q)  0 T h e  r a t io  o f  th e  squares o f  th©  a p p a re n t  
radii? 9 *  d i f f e r s  w idely fro m  th e  in ve rse  r a t io  o f  th e  B  values?
*$* xA ch,
which f o r  C s  / K  is  k  and f o r  N a ’ / H ‘ } ap p ro x im ate ly  %Q5o 
H#&ch p a r t ic le  o f  exchanger produced by com pression  
cons is ts  o f  a conglom eration o f  f in e  p a rtic le s?  th©  channels 
b e tw e e n  which provide easy access to  exchange s ite s  © I t  Is 
to  be expected  th e re fo r© ?  t h a t  th©  r a te s  o f  exchange in te r p re te d  
on th©  basis o f  solid d iffu s io n  .will b© re la t iv e ly  f a s t e r  In th©  
la rg e r  sized p a r t ic le s 0 D y e  absorp tio n  m easurem ents? th e re fo re ?
w e re  mad® to  o b ta in  a  m ore re a lis t ic  r a t io  o f  s u r fa c e  a re a s  0 
A ssum ing spherica l p a rtic les?  th e  r a t io  o f  th e  squares o f  th e  
ra d ii becam e 306  in v e ry  good ag re em e n t w ith  th e  in verse  ra t io  
© f B  values f o r  C s V k  f exchange0 P o o r ag re em e n t w ith  th e  
N a v/ H  ' value is probably due to  th©  u n c e rta in ty  in B f o r  th e  
s m alle r sized fra c tio n ?  in which th e  r a t e  o f  exchange was v e ry  
f a s t  o
P A R T  XV
a
In v e s tig a tio n s  by  A m p h le t t ^ ^ ,  K r a n s ^ 8 G a l and
f§ g ) f20&)
G a l j and L a rs e n  and V is s e rs  , have shown t h a t  th©
s e le c tiv ity  o f  zirconium  phosphate f o r  th e  a lka li m e ta l ions !s<
C s v ) '  R b v>  K *  >  N a v >  L i ’5'® T h is  is th e  sam e o rd e r  as f o r
f i t s )p o ly s ty re n e  sulphonic acid re s in e  ’ ^  0 C s v ion was chosen f o r  
eq u ilib ra tio n  stud ies  In th e  hope  t h a t  a deepe r  un derstand ing  o f  
i t s  excep tiona l a f f in i t y  m ight be o b ta in e d 0 S in ce  th e  s tud ies  
on th e  hydro lys is  o f  zirconium  phosphate in aqueous so lu tio n , 
described  in P a r t  I I ,  have shown i t  to  be chem ically stab!©  in 
solutions o f  pH  3 ;> C s v/ H v exchange w as chosenQ In  
equilibrium  s tud ies  on hydrous s ircon ia  in te r e s t  was c e n tre d  
upon exchange o f  anions, which o c cu rred  a t  low  pHo S y s te m s  
o f  m onovalent and d iva len t ions w e re  stud ied  a t  c o n s ta n t ionic
(so)s tre n g th  o f  O aI and Oo3 re s p e c tiv e ly 0 A m p h le tt*  ’'and
(so)  «K ra n s  “ showed anion cap acity  to  be a  fu n c tio n  o r p H ,  and 
hence in a ll d e te rm in a tio n s  a hydrogen ion c o n c e n tra tio n  was  
m ain ta in ed , which was c o n s is te n t w ith  no ca tio n  exchange0 
F o r  com parison o f  equilibrium  d a ta , therm odynam ic  
equilibrium  c o n s ta n ts  w e re  re q u ire d  0 In  th e ir  d e riv a tio n  I t  is  
usual to  consider th e  exchange; B v *  A R  ^  B R  *  A v , as a  
bim olecular re v e rs ib le  reactio no  . A*% B v g A R  and B R  being 
exchanging Ions in solu tion and solid phases re s p e c tiv e ly , and
79
jfc£ r e f  erring  to  th e  univalent functional group o f th e  Ion 
exchanges o Th e thermodynamic constant K  for* th is  reaction
K  = WB « a ^ A  % / NA  mB f A ' N and m define
concentrations in th e  solid and solution phases $ $ &9 an& if ^
an© a c tiv ity  co effic ien ts  o f  th e  single Ions in solution § while
f p  r e fe r  to  A R  and B R  m th© exchanger0 Th is approach
combined w ith  th e  use o f th e  Gibbs Duhem equation was
Introduced independently by EJkedal? H o gfe ld t and S i l le n ^ ^
and A rgersin ger g Davidson and Bonner Xn th e  f ir s t
investigations w a te r a c tiv ity  and its  variations w ere neglected o
(225)
This problem was la te r  tre a te d  by H o gfe ld t 2 Gaines and
(U  6) (22?) f^'S)Thomas ' and Davidson and A rg e r singero Holm % in an
excellent review  a rtic le  drew  a comparison between these la s t
th re e  tre a tm e n ts  9 which will be numbered X s 17, and XXX
respectively and are  summarised in tab le 01)
Tab le
T re a tm e n t
Components 
o f th e  
exchanger
A c tiv ity  
C o e ffo 
o f A R
f  jtkjp"  1 a t  a
solution 
concentration N
T A R 2 B R ? H pO
A R
m olality o f  
exchange
XX A R j, B R } HpO A.R In fin ite  dilution
XIX AJ2nA H sO B R nB H20
f i l l
A R
• nA H gO
m olality o f
exchange
2 o
T h e  Ion exchange equilibrium  Is fo rm u la te d  accord ing
to  th e  various  t r e a tm e n ts :  B v *  A E  B R  *> A v , in 1 and
J j., anci B  v A R r^ ^ q  ^  v v âA  ^
in X I I  o O w ing to  th e  d i f f e r e n t  d e fin itio n s  o f  r e fe re n c e
ts ta te s  , th e  values o f  f~ A ^  a re  n o t com parableo
si* o
Y Y *f *jr ' . y J
Is less genera l th a n  e ith e r  _  o r  r A_ ,  since  A R m vv -̂six A ix *
th e  choice o f  com ponents r e s ts  on th e  assum ption  t h a t  th e
w a te r  s o rp tio n  in an exchanger o f  given cross  linking s a tu ra te d
w ith  tw o  u n iva len t lone is a lin ea r fu n c tio n  o f  th e  equ iva len t
f r a c t io n  o f  on© o f  th e s e  Ions 0 T h is  re la tio n  f o r  w a te r
content« n-„ « n A t  |n~, » n ) N _  lias  been found e xp erim en ta lly  J w A  B  A  B
f o r  N H iT / H * ^ ^ / a n d  N a v/ C S  -!,tJ'"4schang© on p o ly s ty re n eit /
sulphonic acid res in s  e T h e  t r e a tm e n t  I I ,  o f  Q alaes and 
T h o m as *,u ^ w a s  th e r e fo r e  considered m ost u s e fu l, sine© I t  
re s u lte d  in a c t iv ity  c o e ff ic ie n ts  in th©  Ion exchanger p h ases 
which w e re  independent o f  c o n c e n tra tio n  o f  e x te rn a ! so lu tion  © 
P re s s u re  dependence o f  a c t iv ity  c o e ffic ie n t©  is  common to  all 
th r e e  m eth o d s , w hile bo th  th ©  p re s s u re  and com position ( f o r  
XXX also th e  com ponents and a » )  o f  th©  re fe re n c e  s ta te s  
ar©  changed by change In cross»linkingo The- a c t iv ity  c o e ffic ie n t©  
o f  Ions in s o lu tio n , which e n te r  equilibrium  expressions a r e  th o s e  
o f  th e  single ionso T h e y  'a re  n o t d e te rm in a b le  s e p a ra te ly ,  
b u t only in th©  ra t io s  in which th e y  e n te r  Ionic compounds o
8/
F o r  an e le c tro ly te  d issociating  In 9+ ca tions  and $ -
anion©, w© may w r it©  a m ean a c t iv ity  c o e f f ic ie n t ,  $  ts
o ±  « () *  ^ J o $  „  ^ " ,  w h e re  \) «  9-i- t  9 « ,
s*i*o v *i* 123 a*** 9  «* and s+ and s« a re  th e  valencies o f  th e  ionso
F o r  tw o  e le c t r o ly te s  A X  and B X  w ith  a  common ion X ,  th©
ra ti©  o f  single ion a c t iv ity  c o e ff ic ie n ts  reduces t o 8
# SA /  # * B  = ^e x S a  /  X ZB  ( t „ /  * . „ )  *A Se / ? 3£
B A  “ ■* AX toJs- A x
T h is  becom es t ^ f  aA  = C 0- . v  /
and ^3 / ^  “  - ^ B X  i  f o r  i d ,  and 2 s£ e le c tro ly te s
*!
re s p e c tiv e ly  o
T h ©  t r e a tm e n t  o f  G aines and Th om as ( A,4̂ a s  used to
o b ta in  equilibrium  c o n s ta n ts  In th e  exchange s y s te m s , and th©
d e r iv a tio n  Is given b e lo w 0 T h e  model used , considered th e
ca tio n  exchanger to  have a fix e d  num ber o f  exchange s ite s  p e r
u n it  m ass , capable o f  absorbing s o lv e n t, and incapable o f
absorbing anions 0 Sym bols ar©  given In ta b le  (H) o F o r  th e
exchange re a c tio n  <3a B^ *  22 A “ a 23 A “ + 23 a B ^
s y s te m , th©  conditions o f  equilibrium  ares
C o n s ta n c y  o f  e n e rg y , <?S}“ + <fe^ + 53 O ,
5i 55 A «  c) n + a
B , 5 n. * f e :>9 • OWj  ̂ w ff
© le e tro n e u tra llty , 3  J  m *> cSm^ a Q *
5C o n stan c y  o f  s o lv e n t, cm + om ■* o£
Table (18)
A 1’ B
. /a / i  
A  5 3  s s
l a s © ' P h ase  c
e x te rn a l solution o so lven t vapour 0
<ii A  B  so lven t ( @'
11 IS 13
/ \  ' A  / A  
A  97b  s x s
HI
M  ■', 
S S  '
C om ponents
C hem ical
p o te n tia ls
N
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T h e s e  Include th e  te r m  o f  c o n s ta n t exchange c ap ac ity  
23 a Sn^ + 25 E Oo A pplying th e  Gibbs th e o ry  to  th e
equilibrium  9 w e have
A* /A '/ -  Z<7.y(A !01 “  7. y  A  a, -f' ~Z<x/A lj '
and A ^  ~ A s  ̂ =
/ //
T h e  chem ica l-'po ten tia ls  A -a  and /** •  naay be w r i t t e n  §
A  (?- - / ' a  ~h (<L F A-% No. (
and ~ A  a. + ix,
0  1 0  IS
In which A  a, and yU^ a r e  th e  re s p e c tiv e  chem ical
p o te n tia ls  in th e  r e fe re n c e  s t a te s , and
Na = -Za. n*. /  (3a n a t
T h e  equilibrium  c o n s ta n t f o r  th e  re a c t io n 9 K 9 is f r o m  
equation  {1)8
M Zl'“ m T  X
Ir
f h- ® -0O
k  -  n a .  m a  A * - f d V  ^
es A’%!*, (  2a -  Zb Ao ’ Z (J f X °' ~~ ^  A'O ) /  ^ 1 •
T h e  app lication  o f  th e  G ibbs 9 Duhem  equation to  'the 
exchanger phase enables th e  d e te rm in a tio n  o f  a c t iv ity  
c o e ffic ie n t©  in th e  exchanger phase and th e  ca lcu lation  o f  K© 
f)a. dy'Ac. 4- ol/Ay, 4 n g ,€%/*& “  O
i f  "v
w h e re  ns ~ hs ( . 2 *  -s 2^  to ^ } and n s is  th e  so lven t 
c o n te n t © f one exchange equivalen t o 
F ro m  equations (h )  and C5)
N«, f y l  ! * * .  *  isf(r A I , ♦ n s "• ° ,
%3
and m& from (3) and (3) 5
H 'a  ot W o . /  Z f t . )  + H i j .  d  i - h - f . J h  I  Z fr )  h n s d  L ,  «s =  o
and so 5
N c v  ( n c,  t e O  b 4- ( ^ b i ^ r. j  + 2 ^ 0 f t s  d ^ o * s  (4? )
R e fe re n c e  s ta te s  m u st now  be defin ed  f o r  th e  vario u s
com ponents In o rd e r  to  allow  in te g ra tio n  o f  (6 )o  T h e  solvent:
r e fe r e n c e  s ta te s  a r e ’ chosen so t h a t  th e  a c t iv ity  o f  w a te r  In
n o  / /  „
each phase Is  th e  sam ©5 t Ge & f o r  A s  «  A s  * a s‘ =  | 9
° /  o// _
and -  A s  ~ A s . S o lid  phase re fe re n c e  s ta te s  a re
chosen as th e  mono«ion solid in equilibrium  w ith  an in f in ite ly
d ilu te  so lu tion  o f  t h a t  Io n P !o©« 9 f o r  ® 19 and o. ** 19 
C‘■j 135 ^  e tc  a In  th e  so lu tion  phase no rm al s ta n d a rd  s ta te s
a re  chosen? making a — ^  e } as m —*-€>©
K S j  th e  s e le c tiv ity  c o e f f ic ie n t9 is  d e fin ed  b y i -
(7 )JL. k  =  JL. K c + A .  f / b -  C Za-,cx i b )
and  os d iffe re n tia tin g  9
7 I f!
ot U  Kc v- ol JL, ^  ^ A . f b <= o
-J/, and h  are evaluated from  |6 ) and ( 7 )  using th e  
ma'fchsmafclcai re la tion , d  JL. X j  dsn  =  I/as So th a t}
?-b riA d-L, Ha. = 2 (j- °*Ho. = -^b  1=1 rt (r
=  "2  ̂ H u  ^  NG-
io@o o
^  ex. ^  Jb\< * ̂  a. }<~ ^  (r e>' tr ~ ®
T h e  expansion o f  (6 )  sss
’ d  A/vO'!*r * (̂X 0\ Ĵ-Ts? -r.̂  t  "2&, /0(^u» !’''■] jj-
+  H(y ^  d X v - f . j  t- 7 (, 1 l r h S ,/d^v* a  s  ~  O | 6^
A fte r  subtraction o ff 6̂ ) and C9) & and rearrangement9
“- Nlr 6' ^  Vb- *  ““ “ 2 -b~) H *■ H c?v o( f
*  'Z  ^  ^  s  - c-l a  J J O ) o
« o  *■
S u b s titu t io n  o f  CIO) in to  (%} g ive s 9 
d  A -  Kc. 4- d  C I +■ N a / ^ u  )  4- (z a . - ‘Z l r )  d h /b j N [ r
4** t ,  ij. to /c l Aw - ^  b* O  / ,  |
loOo of A — v' sz — H|j=- oz?i !<rc  ^  ^  &s
In te g r a t io n  o f  equation O O ) i@ p e rfo rm e d  fro m  p u re  A  re s in
fCN|y 23 0 ) 9 to  « N ^ P no ting  t h a t  when J s ® 0 9 N g =* 1 
and N  y  «  O o
Bine© i t  is conducted on p o in t function©  © f p o sition  on 
th e  Is o th e rm a l s u r fa c e 9 f ig u re  (Ik )  & th®  p a th  b e tw e en  
s ta n d a rd  s ta te s  may be chosen a t  convenience o U su ally  an  
Is o th e rm a l line on th is  s u r fa c e  is m easured a t  c o n s ta n t t o t a l  
m o la lity  In th e  solu tion 9 and Is th e r e fo r e  conveniently  ta k e n  as  
th e  c u rv e  a. Q b- o In te g ra t io n  © f (1 1 )  along a Q Ir* gives s
-1 r 7..< " I  f ' i ̂  f  ^  ̂
L  To- J a = j ~ H.r  d jL .  Kc -  | (? o .-2 Lr') of
J h *--°  "b e o  .§*.
*“■ A \  ”2.5«. 1 h  d  ytv-j (X <j
7^ j  ~l\j. «•
Jo- (Q.V ^ V‘ A  fa ') (_ 2 b- ) b» “ " ^  (p Av~, -C c £Q) "4-
f  (j
j L f c c o l H { r — 2 a Z y  j c \U ,  (A g
0  "
F«hUR.E 1̂ 4-
and s im ila rly  9 
7.0s I  r
A f ( ,  L o C ) ! ~  ^  _ 2 u i  h!a- ^  N a
' ( " j . - ( / • .
~ j iv-Kc clHi, + -Zc.-l^. I ns cft«<; 
^H(r 4 .
Hene© w© fin d  „ ,  ̂ |
JLK = - 2^ ) + f*  R  To Co-) + ] 0 ^  ,<c-
— 2.^  t G\ i v >  d g  ,  I ? a )
T h e  in te g ra tio n  is made graphically  fro m  a p lo t o f  K c
N ^  o
F o r  equilibrium  b e tw een  th e  solid and vapour phases 9
dG  35 O  mo t h a t 3 V* d  \> «  s ; o lT  f  J a ^  4- r> ̂  I
and v " A  =  s " ' ' r f ' r  +- > S  dyUs
F o r  pur© A  a t  c o n s ta n t te m p e ra tu re
CIS)
a
d jA  tj -  c?( f -  o
V   ̂ |=> ™ 4- y t i g
and . \ / !! ' <df b  cr.- X'S 
Com bining CIS) and (13) D
Is v ' / v " 1 - h s  ) ^ j/d s ~  n«a ,<?Ui
so i
f  (\ ,dR T ( i s ^ / \ / m -  fxs ) dl JU as = tAa £ l tfi iw  Na f  ̂
Bine© 3 ana  -  N a ,
2 a  ( ^  !A :' ™ l̂ s  "j ^  ^  c, — H  a, d  Mci -j-^_
W h e re  s /  ^  ^ t  th e  m olar volum e o f  p u re  vapour*
8 b
B u t  IS ! a "a 1 so t h a t  s
'Za. ( V f  'X, ~~ h s J of JL, Ol ̂  r= G\ JL̂  j- <j_
/
On in te g ra tio n  fro m  a e, = I to  a« 63 a w e have,,? Si) £p
^  "  2 " ' 2' ir ^ V ' A  '  " *  )  ■ f t s
8 | #
Sine©  V s Is  th e  m olar volum e o f  p u re  A  re s in a t® , V  /  X
is  negligible com pared w ith  n^ and s© equation f ?a) becom escS
— r^b - *2 ^ )  4  r  k c  d  h
Qs =(r  ̂ As™ (jr“- f [ c‘S — vr /»
— Aa./£ b- I j ^  & ^G-< ■" | hs ML^O-s +• I hS a a S |
L -  |  w u & « i  ’ a s ~ G - / '  *
F o r  d ilu te  solu tions o f  s y m m e tric a l e le c tro ly te s  A*v<&§ I©
a lm o s t independent o f  th©  mol® f r a c t io n  o f  th e  Individual
ca tions  and so th e  te r m  In th e  square  b ra c k e ts  is  s@r©0
o ° o ^  ~  C2 b ~ ^  ^  ^ ( r  J  (fSy
w h e re  and n g ^  a re  th®  num ber o f  moles o f  w a te r  p e r  
equivalent o f  A, and B  resinat© ©  resp ective lyo  A s  I© th e  
m ean solvent: a c t iv ity  o f  th e  © s te rn a l e le c t r o ly te 9 and th e r e fo r e  
f o r  a  un iva len t exchange equation (15) reduce© t o t
C ̂  f  \  ? y
f ,  K  =  i A  Kc -f- n Sak )  4 -  «-6  ( i t )
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C & esium /hydrqgen exchange on zirconium  phosDhatOo
E q u ilib ra tio n s  w e re  c a rr ie d  o u t9 using missed solu tions  
o f  H G I and C s C l*  t r a c e d  w ith  C©^:i”s% a t  a t o t a l  ionic 
s tre n g th  o f  OoS Mo
A n a |ggig  o f  Jgaealnmg T o  m easure th e  /»  a c t iv ity  o f  O s  
sam ples in so lu tio n 5 i t  was convenient to  us© a liquid Im m ersion  
c o u n te r r a th e r  th a n  to  e v a p o ra te  an a liquot and count as a  
solid o Xn counting w ith  ra d io a c tiv e  liquids th©  g r e a te s t  losses  
o ccu r by s e lf  ab so rp tio n  in th e  liquid i t s e l f  § a fe w  cm© o f  
w a te r  a re  s u f f ic ie n t  to  absorb  even v e ry  e n e rg e tic  /&  
p a rtic le s o  Xn consequence* th e  abso lu te  e ff ic ie n c y  w ith
liquid sources  is  small© C o m p a ra tiv e  m easurem en ts  could 9 
h o w e ve r § be mad® un der s im ilar conditions© T o  th is  end th©  
th ick n e ss  o f  liquid surrounding th e  c o u n te r should e ith e r  fo© 
k e p t c o n s ta n t by  a  rig id  annu lar sh eath  a tta c h e d  to  th©  
c o u n te r  o r  should b© s u ff ic ie n t ly  th ic k  to  be reg ard ed  as  
in fin ite o  S im ila r ly  th©  d ep th  o f  im m ersion should b© c o n s ta n t 0
T h e  a c t iv it ie s  o f  s o lu tio n 9 h o w e ver 9 ar©  only s t r ic t ly  
com parable when th e y  a re  o f  th©  sam e d en s ity  and hence o f  
th©  sam e a b s o rp tiv e  p o w e r f o r  y6 p a r t ic le s  o
In  th©  d e te rm in a tio n  o f  th©  caesium c o n te n t o f  mixed  
caesium and hydrogen ch loride solutions 9 a t  an Ionic s tre n g th
S9
o f  Oo! Mg th©  zo a c t iv ity  o f  th®  O s ^ /  w as m easured w ith  
an im m ersion G©Ig®r«Mul!©r countero  Th©  liquid samp!© w as
contained in a  rig id  sh ea th  around th e  counting tu b e  as shown  
in f ig u re  (15) o In  o rd e r  to  reproduce  th e  g e o m e try  o f  th©  
sources  5 ml© samples w e re  p ip e tte d  In to  th e  counter©  Th©  
a c t iv it ie s  o f  s to c k  d ilu tions 8 when c o rre c te d  f o r  coincidence  
and background e r r o rs  9 w e re  p lo tte d  a g a in s t caesium c o n te n t o 
Th ®  c u rv e  ob ta ined 9 f ig u re  {16} * d ev ia ted  only s lig h tly  fro m  
l in e a r ity  probably due to  th©  larg© counting losses In cu rre d  
and t©  d e n s ity  change© o f  th©  so lu tio n s0 F ig u re  (16) gave  
a  d ire c t  conversion o f  th©  c o rre c te d  J& a c t iv it ie s  In to  C.C&' 3  
c o n te n t o A c t iv it ie s  w e re  m easured to  !€ P  c o u n ts 9 reducing  
th e  counting e r r o r  to  ± Qo3$? page 9 and th e  ©vara!! e r r o r  
In  th e  d e te rm in a tio n  o f  caesium  to  a p p ro x im ate ly  ± Oo5?o 
A f t e r  each exp e rim en t 9 th e  counting tub© w as rinsed  w ith  
d is tille d  w a te r  and d ried  w ith  a c e to n e  0 B ackground counts  
on  a  5 mlo sam ple o f  d is tille d  w a te r  ta k e n  b e fo re  and a f t e r  
a s e ries  o f  m easurem en ts  rem ained c o n s ta n t9 in d ica tive  t h a t  
no  Cb*37 Was absorbed on t h © glass wall© o f  'th© counting tu b ® 0 
A n a lys is  o f  H yd ro g en  ions HC1 solutions w e re  d e te rm in e d 9 
using sodium hydroxide solu tion 9 which w as p re p a red  9 and 
s tan d ard ised  by th e  m ethod described  on page o
\ r ¥









M o l p r .  C o n c e n t r r t i o n  o f  Cs+ i n  CsCt (  H c t  
Mixtures
F ig u re  I(o
Io n ic  fo rm a  o f  s ir  osmium p h o sp h ate%
T h e  hydrogen fo rm  w as ob ta ined  by e lu tion  w ith  Ool M  H O I
G ?3^& X B 3^X :^^-iX X Z K Z V O a& & ^J322Z& S = ^^M ZaX X X 'X .’*  * *
and washing w ith  d is tille d  w a te r  u n til no chloride ion w as  
d e te c ta b le  in th©  e f f lu e n t  0 Th©  exchanger w as rem oved f 
a ir  d ried  s and eq u ilib ra ted  to  c o n s ta n t w e ig h t In an a tm o s p h e re  
o f  79$ h u m id ity 3 o v e r s a tu ra te d  ammonium chloride a t  2 5 °  o 
P re p a re d  In th is  w a y . I t  w ill b© designated  Z >  P . (7^S) ,  H -  {-of j-n,** f •
T h e  caesium fo rm  w as ob ta ined by e lu tion  w ith  t ra c e d  Ool M 0 
G s C l u n til th e  a c t iv ity  o f  th e  e f f lu e n t  and e lu an t w e re  Id en tica l. 
Th©  column w as th e n  w ashed w ith  w a te r  u n til th©  washing©  
showed no a c t iv ity *  when th©  sample w as a ir  d rie d  and 
eq u ilib ra ted  a t  79% hu m id ity  as b e fo re  0
C ap acitiess  C aesium  cap ac ity  o f  a  O o5 go sample
t s ^ im 2 i^ « 5 = e w K = i3 a s k o  ■* "  ■“  *
*2r P  { 7 9  ) . C s » f o r m 9 w as d e te rm in e d  by e lu tion  w ith  6 M  
n it r ic  acid© B f  f lu e n t  m o n ito r in g  showed an im m e d ia te 9 and
com plete  rem o va l o f  Cs^« Th©  © luate w as d ilu ted  to  5 0  m !0 
In a s ta n d a rd  f la s k  and i t s  c o n c e n tra tio n  e s tim a te d  by th©  
s ta n d a rd  counting techn iq ue 0
T h e  c ap a c ity  o f  a  sample o f  2 r  P  f “H  1 B  «> fo rm  w as  
d e te rm in e d  s im ila rly  P a f t e r  f i r s t  co n vertin g  to  th e  caesium fo rm  
T o  d e te rm in e  possible anion c ap a c ity  9 Z r-P  9 (79)  g 
H - f o r m 9 w as e lu te d  w ith  O cE Mo n i t r ic  acid and th e  t o t a l  
e lu a te  analysed f o r  chloride ion* which w as shown to  b© absento
§ I  g sam ples o f  S  P  (7 9 ) 9 H ^ fo rm  
w e re  placed In  d e n s ity  b o tt le s  and th e ir  d isp lacem ents  
m easured  a t  25°$  hi w a t e r ,  n '=» h ep tan e  and c a rb o n t © tr&chlorid©  0 
B xehange experim ents  S to c k  solutions o f  O ol Mo H O I and
<^»Z»^2£3saCXtSiS2as3^^ CX23&K ̂ C=3£?ast=a2sa«2»
CsCJs contain ing C s  , w e re  mixed In vario u s  p ro p o rtio n s  to  
give a s e rie s  o f  solu tions o f  t o t a l  ionic s tre n g th  O d L  
Oo2 go samp!®© o f  £2 P  C79) in th©  caesium o r  hydrogen  
fo rm s  w e re  eq u ilib ra ted  w ith  IO  ml© p o rtio n s  © f th e s e  solu tions  
a t  25 o S f t e r  48 hours  s when  th e  system  w as In equilibrium  8 
5 mi® sample© w e re  w ith d ra w n  and co u n ted « F ro m  th©  
a c t iv it ie s  § th©  caesium c o n c e n tra tio n  w as d e te rm in e d , using  
th ©  c a lib ra tio n  cu rve  shown In f ig u re  (16) 0 Th©  equilibrium  
batchesg contain ing 0 &2 go © f exch an ger, In th e  mixed 
C s  and H ^ fo rm s , w e re  f i l t e r e d  th ro u g h  ©mall solumns , © f 
dim ensions 2 ss 3 0  mm® Th© solid w as washed f r e e  fro m  
a c tiv e  so lu tion  and th e  caesium c o n te n t d e te rm in e d  , as b e fo r e ,  
by e lu tio n  w ith  6 M© n it r ic  acido
T o  t o s t  f o r  re v e rs ib i l ity , OoB go sam ples o f  £3 P s (79)# 
H *»form  w e re  eq u ilib ra ted  a t  £5°  w ith  IO  ml© portion©  o f  
solu tion  § O  o 0 3 3  3 and O 0O 67 M© in caesium and hyd rog en  
chlorides re s p e c tiv e ly  0 S aeh  sam ple o f  th e  r e s u lta n t  ,
mixed exchanger w as f i l t e r e d  , washed 9 d ried  , and eq u ilib ra ted
w ith  m ixed C s C I and H O I solutions as b e fo re o
Hjquilibria  off monovalen t  anions on hydrous a lrc o n la s
Th®  pair©  o f  tons stud ied  In th is  s e rie s  o f  equilibrium  
exp e rim e n ts  w e re  c h lo r id e /n it ra te ,  c h lo rid e /th io c y a n a t ©$ and 
th io  o yan at © /n i t r a te  *
A n a lys is  f o r  C hlorides C h lo rid e  ion  was analysed using M oh#fl©
m e th o d 9 is  which chloride In solu tion w as t i t r a t e d  using s ilv e r
,  „  < ja  ( iB la )c h ro m a te  as Is ia ieato r s
A n a lys is  f o r  n it ra te s  S in ce  no su itab le  m ethod f o r  n i t r a t e
T5> x a » a t j^ i^ a c^«aao5iat{mra^fiata»a?gaCTaac^a a«fflaaa
analysis #w as available., solutions w e re  d e te rm in e d  by an Ion 
exchange techniquee Th©  p o ly s ty re n e  sulphonie acid ca tion  
exch an g er9 A m b e rlit®  IR A  1 2 0 9 was p re p a re d  in th e  hydrogen  
fo rm  fry  elution  w ith  Z Mo HC1 and washed f r e e  fro m  chloride  
w ith  d is tille d  w a te r  0 Sodium  n i t r a t e  solu tion contain ing  
a p p ro x im a te ly  I m eq0 o f  s a lt  w as p ip e tte d  on to  a column 9 
and washed slow ly th ro u g h  w ith  d is tille d  w a t e r ,  u n til no acid  
w as d e te c ta b le  In th e  a f f lu e n t D Th©  t o t a l  w ashings, which  
th e n  contained an equivalen t am ount o f  n i t r ic  acid w e re  t i t r a t e  
a g a in s t s ta n d a rd  sodium h yd ro x id e0
A n a lys is  f o r  th io cyan ates  Th©  m ethod consisted  In th e
<^O ss^3^^^ss3S K S 3S iS £iS 3^t3e3l£scsszsX iS s^^^s^r^!s^m 'Jt^!isxvsS xX jiT saissS 3u
t i t r a t io n  o f  th io c y a n a te  ton, In d ilu te  n i t r ic  a c id , w ith  a  
s ta n d a rd  so lu tion  o f  m e rc u ric  n i t r a t e ,  using a  l i t t le  iro n  alum
solu tion  as in d ic a to r  © Im m e d ia te ly  th e  th io eyan at©  w as  
c o n v e rte d  in to  th©  m e rc u ric  s a l t ,  th e  so lu tion  becam e w a te r
c le a r , giving a  sharp  end  p jo in t P ^ ^
I
Th ioeyan lc  acids A  so lu tion  o f  Q d  Mo th io  cyanic a d d  w as
cscias* aoas&cax&s m  a£t£B2t£Gistztu&sasB&sx!232t -*
p re p a re d  by ©lowly w ashing 5 0  m©q0 o f  K O N S  s to c k  so lu tion  . 
th ro u g h  a column o f  A m b e rlit©  IR A  18G, In th e  hydrogen form ©  
Th©  washing© w e re  co llected  in a  5 0 0  nxfL s ta n d a rd  f la s k  u n til 
no acid w as d e te c ta b le  in th®  e f f lu e n t ,  and m ade up to  th e  m m  
A n a lys is  w ith  sodium hydroxide showed a g re em e n t w ith in
1 O Z>% 3
A n a lys is  Th©  m ethod
suggested  by V o g e l which chloride was? s e p a ra te d  as
b ism uth  oxy ch lo rid e , w as found to  be u n su itab le 0 A
c o n d u c tlm e tr lc  m ethod w as evolved based upon th©  re la t iv e  
so lub ilities  o f  s liv e r  ch loride and s ilv e r th iocy& nates
S flgCl /  % C N S  ™ ' ’ 2  *  ,C> '°  /  13
ss n o ,
O n th©  add ition  o f  A « H 0 9 to  a  n e u tra l solu tion contain ing
mixed G M S °  and C jT  on© would exp ect th®  p re c ip ita tio n  o f
A  C M S  to  be com plete  b e fo r©  A«G 1 p re c ip ita tio n  occurreds  © "* &
th is  xvas found to  b© th©  cas©o
%
t l t r a t lo t t t  T h is  w as c a rr ie d  out: la  a  f la s k ,  
similar* to  t h a t  shown hi f ig u re  { 5a) s contain ing a pais* o f  
platinum  co n d u ctiv ity  e lec tro de© * ( Phillips * P R  9 5 /1 0 )  s in 
th ©  c e n tra l opening<, T h e  solu tion w as f r e e d  fro m  carbon
cMosdde by n itro g e n  bubbling* and th e  cond u ctiv ities  m easured* 
using a t r a n s fo r m e r  r a t io  a rm  b rid g e 0 When a  c o n s ta n t  
read ing  w as obta ined* additions o f  s ta n d a rd  A - N O *  w e re  mad®*fe
and th©  so lu tion  thorou gh ly  mixed® C o n d u c tiv itie s  w e re  
c o rre c te d  f o r  th©  In cre ase  In volume during  th e  t i t r a t io n *  and  
p lo tte d  a g a in s t th e  volum e o f  s ilv e r n i t r a t e  added0 A  ty p ic a l
c u rv e  f o r  such a 't i t r a t io n  is  shown in f ig u re  (17 )* Th©
3end p o in ts 5 o f  th e s e  curves correspond to  com plete  p re c ip ita tio n  
o f  A g C N B * and o f  A ^ C N S  and A r?C l respective ly®  Th®C3 * €»
e s tim a te d  accu racy  o f  th is  d e te rm in a tio n  w as ±  1%*
Sonic F o rm s i S am ples o f  th®  hydrous s ireonia  ©xeh&riger 
w o ro  e lu ted  w ith  mixed solutions o f  N & A  and H A  o f  t o t a l  
Ionic s tre n g th  O cI s and o f  acid c o n c e n tra tio n  O c O l M * (w h e re  
A  re p re s e n ts  a m onovalent anion) o When n© f u r t h e r  exchange  
o c c u rre d § th®  sam ples w e re  f i l te r e d *  and quickly w ashed under  
s u c tio n * to  p re v e n t unduo rem o val o f  A 6*’ ion by hydrolysis©
Th©  exchanger w as th e n  allowed t o  eq u ilib ra te  to  c o n s ta n t  
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C a p a c itie s  w e re  determ ined, by s ta n d a rd  column 
e lu tion  techniques.^ using n it  r a t  © /n it r ic  acid solutions o Th©  
n i t r a t e  fo rm  w as e s tim a te d  s im ilarly  9 a f t e r  f i r s t  co n vertin g  
to  th e  chloride o 
Exchange E x p e rim e n t ?
CSB«X3XSQISK2a33tMa?3^ 5^*KC3»rrjC!Xa«E«>
O o 5 go samples o f  th©  dried  exchanger in th©  A T  o r  
B** fo rm s  w e re  equ ilib ra ted  w ith  35 m l0 p o rtio n s  o f  solu tion  
contain ing N a A s N a B ,  H A  and H B  to  a. t o t a l  ionic s tre n g th  
O o l8 and o f  acid c o n c e n tra tio n  Q cO I Mo T h e  solutions w e re  
th e n  analysed f o r  anions 0
E q u ilib r ia  o f  d iva len t anions J ^ ^ h y d ro u jg^airQonia 8
E qu ilibrium  exp erim en ts  w e re  c a rr ie d  o u t on th e  
th losuSphat© /su lphate ion exchange system  0
T h lo s u lp h a te  t S ine© d is tilled  w a te r  contains dissolved carbon  
dioxides and has a  pH  o f  5? & solution contain ing th io su lp h a te  
Ion undergoes a slow  decom position to  b isu lphate ion and su lp hur0 
M o re o v e r9 decom position may also be caused by b a c te r ia l ac tio n  o r  
h asten ed  by exposure to  lig h t a A ccord ing ly  a one m olar 
solu tion  w as p re p a re d  w ith  boiled o u t w a te r  and m aintained In 
th©  d a rk  In an a tm o sp h ere  o f  n itro g en  o
T h io su lp h a te  solutions w e re  s tan d ard ised  by Iodine
/* »' O 5 j
t i t r a t io n  ag a in s t K IO ^  in acidic KX solution 0
%
S ulph ates  Sine© th e  su lphate solution© w e re  used to g e th e r  
w ith  th io s u lp h a te  In exchange s tu d ie s « c a re  was ta k e n  to  
exclude carbon dioxide during preparation©
S u lp h a te  was d e te rm in ed  by p re c ip ita tio n  as BaSOjj, 
which was ign ited  to  c o n s ta n t weight, a t  6 0 Q p jf^ A e )
Io n ic  fo rm s ;  S xch an g er in th e  s u lp h a te 9 and th io su lp h a te  
fo rm e  was p re p a red  by e lu tion  © f hydrous s ir  com a w ith  th e  
carbonat@ «*fre© O ol M 0 so lu tio n s0 I t  w as th e n  washed and 
d ried  a t  79$ hu m id ity  as b e fo r e 0 c a re  being ta k e n  to  exclude  
carbo lox!de0
C a p a c itie s  w e re  d e te rm in ed  by e lu tion  w ith  Q<>3 Mo 
sodium n i t r a t e  solutiono S in ce  th e  solutions o f  su lphate  and 
th io su lp h a te  w e re  m aintained c a rb o n a te  f r e e ,  th e ir  pH w as  
ap p ro x im ate ly  6 0 U n d er th e s e  conditions th e r e  is some 
p o ss ib ility  o f  ca tion  u p ta k e  on zireonla© T o  t e s t  f o r  th is  
Oo5 go sam ples o f  hydrous slrconfa In th e  chloride fo rm  w o re  
eq u ilib ra ted  w ith  c a rb o n a te  f r e e  solutions Q o 0 5  M 0 in tr a c e d  
C sC lo  5 mlo samples o f  th e s e  so lu tio n s , analysed f o r  C s v 
showed no ca tio n  uptake©
F u r th e rm o re  th e  pH o f  6 ensured t h a t  th©  Ionic species  
H S o l °  and H B g 0 0“  w e re  p re s e n t to  negligible extent©
E xchange E xp erim e n ts  QoS So o f  exchanger in th e  su lphate  
o r  th io su lp h a te  fo rm  w e re  eq u ilib ra ted  w ith  25 m l* p o rtio n s  
o f  solu tions contain ing v a ry in g  p ro p o rtio n s  o f  each an ion , and 
o f  t o t a l  ionic s tre n g th  Oo3o T h e  equ ilib ra tio n  was c a rr ie d  
o u t in lO O  mio ro u n d -b o tto m e d  f la s k s , which w e re  flu sh ed  w ith  
n itro g e n  and sealed b e fo re  being placed in a th e r m o s ta t  a t  2 5 °  o 
T h e  b a tch es  w e re  eq u ilib ra ted  f o r  tw o  days w ith  in te r m it te n t  
shaking© C o n c e n tra tio n s  o f  th e  equilibrium  solutions w e re  
d e te rm in e d  by back t i t r a t io n  o f  s ta n d a rd  iodine using O 0l Mo
%
P A R T  I V
R E S U L T S
<5Y
Z irc o n iu m  Phosph a te ;  T h e  re s u lts *  which w e re  d erived  
fro m  c a p a c ity  d e te rm in a tio n s , a re  shown in ta b le  (13K  
T h e s e  in d ica te  t h a t  53o5 m Q moles o f  w a t e r 9 p e r  m eg0 o f  
exchange c ap ac ity  , ar©  lo s t in th e  conversion fro m  hydrogen  
to  caesium fo rm s  c 
T a b le  (1 3 ),
F o rm W eig h t C a p a c ity W to m a tr ix  0
go m eq0 + w a te r
H Oo95G Oo554 Oo9495
C s Oo997 Oc 354 Go9234
Sine® i t  w as shown f ro m  therm obalanc®  stud ies  ( P a r t  I I )  s 
t h a t  on h e a tin g  to  <350° in te r s t i t ia l  w a te r  w as com plete ly  
rem oved fro m  th e  zirconium  phosphate m a tr ix 9 weighed am ount©  
o f  S P  (7 9 ) in th e  caesium and hydrogen fo rm s  w e re  h e a te d  to  
th is  te m p e ra tu r e , and th®  w a te r  c o n te n ts  in ta b le  (14) 
calcu la ted  o 
T a b le  (14) o
E x ch an g er S am ple  w e ig h ts  C a p a c ity  Mo moles H ^ O
F o rm  Z IP  (7 9 )  2 5 0 °  m eq0 p e r  m©q(Capacity
H  O  o6942 O  06II9 Q «4 0 5  31
Ca OokSlS Qoh&kO O0265 &
O nce again th©  w a te r  lo s t In conversion was abou t th r e e  
m Q moles p e r  exchange equivalen t o
too
SSirconias T h e  re s u lts  o f  th e s e  d e te rm in a tio n s  9 ta b le  
in d ic a te  no d if fe re n c e  in w a te r  c o n te n ts  w ith  ionic fo rm  
T a b le  (15)
EJxeh anger  
F o rm  o
W to 2 r O s (7 9 )  
capo 1 m eq0
(go)
W to 1 m eq0 
o f  ion
(go )
W to m a tr ix
+ w a te r
C l Oo5i? 0 0 0 3 5 Oo kS2
N O „
J O  o 545 0  0 06 8 O  0 k&3
C N S Qo342 O 0O 58 OokBk
0) SV5 0 1 0 3 0 Q  0 1-14 lol9l
S O .a L 2 9 O 0O 96 I 0I9S
placem ent o tu d ie s
x ssrrTttcsxastTs
S in ce  n -» h ep tan e  and carb ont© hr may b<
reg a rd ed  as in e r t  m edias th©  constancy o f  d isp lacem en tsg 
ta b le  0 6 )  9 implies a close s im ila r ity  b e tw een  S r P ,  (7 9 )3  
H ® fo rm  and m a te r ia l eq u ilib ra ted  w ith  w a te ro  W e may 
th e r e fo r e  assum e t h a t  d if fe re n c e s  in w a te r  c o n te n ts  b e tw een  
ionic fo rm s  o f  an exchanger a t  79% h u m id ity  a re  equal to  th o s e  
in p u re  w a t e r 0 
T a b le  (16)
Medium W to 2 r P  (7 9 ) P I- fo rm  
to  displace I a•o o
W a te r  
n  — h e p tan e  
i t  e t  r  a ch lo r id  e
2 o  h3
BohO
Bo h i
A  possible S t r u c t u r e  f o r  S r P s  A ssum ing t h a t  th e
cy j i._i j —J—.xfirarga^-garccisst-- -■*?»*.~̂ sga^rss3'.citc^a:»rji:£.caigic^gr'.sg^^;7f~^}';,f ?rr--y7*
disp lacem ent o f  Z p P  (7 9 )?  H «£b rm  gives ap p ro x im ate ly  th e  
d e n s ity  o f  2 r P  (a n h y d ro u s ), I t  Is possible to  o b ta in  a rough  
e s t im a te  o f  th e  a p p a re n t d is ta n ce  b e tw een  exchanging s ite s  0 
T h e  d e n s ity  © f 2 r P  H«*form  is 2 oh go 1 mlo and th©  c a p a c ity , 
O o 583 m eq o /g o , so t h a t  th e  num ber o f  exchange s ite s /m lo  
is  Noo O o 5 8 3 o 2 o 4 /I0 3 » B o h 21 1 Q ^  (w h e re  Mo is Av©gadr©%  
nu m b er) e A ssum ing a cubic la t t ic e ,  in which th e r e  a re  
n s ites /e rao  o f  s ide , th e n , n-̂  33 8«4 x  IO  , and th e r e fo r e  
th e  d is ta n c e  b e tw e e n  s ite s  would be about SO A 0
3 ? P  has been shown in P a r t  I I  t©  correspond to  
diphosphate s ir  conic ac id . £2r© (H a P O i,)^  • M oW fl, 301  o"J- &
Sine©  only one s i te ,  p e r  phosphate grouping, w ill d isso c ia te  
in acid so lu tio n , Qo30S go o f  th e  anhydrous exchanger would  
have an expected  cap ac ity  o f  2 m eq0 T h e  observed c ap ac ity  
f o r  such a sample I© shown to  be QoSO m e q o /m 0m oIe5 fro m  
ta b le  (14) 9 s© t h a t  only one m te n  phosphate groups a re
HJcpiS'iferlum S tu d ie s  %
O aeB iuni/h^ds*ô en .©g^ an,gg ^on__air cpnium p h o ap h a te§ Caesium
c o n te n ts  o f  equilibrium  so lu tio n s3 and th e  cap a c ity  o f  
exchanger b a tc h e s 9 allowed th e  ca lcu lation  o f  a  s e rie s  o f  
s e le c tiv ity  c o e ff ic ie n ts  f o r  bo th  ’th© fo r w a r d  and re v e rs e
reac tio n so  Th©  re s u lts  a re  shown In ta b le s  ( 17&.)as
in which K *g  «* Cb [ h ':']/B[Cb * ] ,  and i ^  » H  J C a ^ J /c i £ h * ]
resp ec tive lyo  T o  in v e s tig a te  th©  v a lid ity  o f  th is  m ethod o f
ca lcu la tio n  9 samples o f  eq u ilib ra ted  solid w e re  analused by 
elutiono R e s u lts 9 ta b le  CIS) 9 show t h a t  ca lcu la ted  and 
observed  mole fr a c t io n s  in th e  exchanger phase a re  In  
exp e rim e n ta l agreem ento  S in ce  § h o w e v e r , so lu tion analysis  
w as su b jec t to  fe w e r  e r ro rs  9 th e s e  values w e re  usedo 
T a b le  fUSK
S o lu tio n O rig ina l
F o rm
M e q 0 C s J /  
obSo
OoS go sample  
calOo
5 Os 0 o 0 9 3 O  0 0 8 9
9 O b OoO?! Go 061
U C b O o 0 4 3 Go 0 4 7
1 hi OoO?? O oO ?8
6 H O oO k? OoOSS
A  p lo t o f  mol© f r a c t io n  m solution a g a in s t 
exchanger com position3 f ig u re  (18) 9 showed m arked h y s te re s is o  
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o-i  o -a  o*> oi + o s  o b  0 7  o -8 o q I'O
M o le  f r a c t i o n  o f  Cs"*" in  e x c h a n g e * .
F i q  UfZft 18-
m ixed  ©sehanger was eq u ilib ra ted  w ith  solu tions o f  Increas ing  
caesium  c o n te n t , th e  equilibrium  p o in t was on th e  up per curves  
i t  w a s j th e r e fo r e ,  th e  sam e a© i f  eq u ilib ra tio n  w e re  c a rr ie d  
o u t in one stageo Wh©n5 h o w e v e r , th e  mter.@& exchanger fo rm  
w as eq u ilib ra ted  w ith  solutions o f  decreas in g  caesium c o n te n t ,  
th ©  equilibrium  p o in ts  lay on a t ie - l in e  A B  joining th©  tw o  
c u rv e s , f ig u re  ( ! 8 ) 0
EDqutiibria o f  m onovalent anions on hydrous s lrcon la* Th©
system s  s tud ied  w e re  C f 7 ^ o ? w? G iCT/C M S " ,  and C N S " / N o “ ej  - ^
R e s u lts  show n in ta b le s  (1 9 ), { 2 0 } ^  and {21} give a series  o f  
s e le c tiv ity  c o e ff ic ie n ts  K j 5 K o s and Kq re s p e c tiv e ly , w h ere  
K S -  Cl & o ~ l  j  H o , t a - 2  * e * r  >
Kg 53 GH5 LC ltJ ''g&C j  L C H S  J  b CH 6~ a>n^
~ CHS  C h o £2  ^ M c-r /  ^ 2  CCNS>~ ^  ^  CH^
Th®  com positions o f  solid and solu tion phases a re  re p re s e n te d  
by bar© and b ra c k e ts  re s p e c tiv e ly  w hile $ % a r e  single ion 
a c t iv it ie s  In solu tion as b e fo r e « P lo ts  o f  In K  ag a in st 
com position o f  th e  e xch an g er, shown in f ig u re  (19)? d e m o n s tra te  
re v e rs ib ility  and allow  ca lcu la tion  o f  therm odynam ic  equilibrium  
c o n s ta n ts  by th e  m ethod o f  G aines and T h o m a s , (page 3 1 )o 
Bine© th©  w a te r -c o n te n t©  o f  each fo rm  © f th©  exchanger was  
c o n s ta n t s th e  equation ( !(p } reduced to  s
Th© therm odynam ic  equilibrium  c o n s ta n ts  9 K  VS
obta lned fro m  graphical in te g ra tio n  o f  th©  In K  plot©  w ©r
■ o
»2K ? = h O k  t  C U ,  K  = 1 ,54 + O o l, aaa
K ®  ** L 94 f  O o2 o S in ce  th is  s e ries  o f  exchanges
re p re s e n ts  a system  9 in which each ion Is s e p a ra te ly  p a ired  
w ith  th e  o th e r  t w o ,  K® ~ K,f /  K ®  ® 1025 ~ O c3 P while
K j obs 53 ~ * 1 .0 4  & O d e  A g re e m e n t b e tw e e n  ca lcu la ted
and observed  values o f  K j w as w ith in  th e  e x p e rim e n ta l e r r o r  
© f £ 10%0
B qid ljb g ^ ^ ^ divalsi i t ,.anions on hydrous g ire onta ̂  S e le e t iv ity
c o e ff ic ie n ts  f o r  s u lp h a te /th lo s u lp h a te  exchange on hydrous  
sircon ia  w e re  ca lcu la ted  f o r  bo th  fo rw a r d  and re v e rs e  
exchanges 9 ta b le  ( 2 2 ) 9 In which
k c *  C % ° i T  j  J 5 a °g L°SOq> J
S in ce  th e  w a te r  c o n te n ts  o f  th e  s u lp h a te , and th i© su lphate  
exchangers w e re  equal, th e  therm o dynam ic  equilibrium  c o n s ta n ts
gp̂ >
K e w as obtained graphically  fro m  f ig u re  ( 2 0 )  9 f ro m  which  
K^P w as Solo
T h c  R flT toS  o p  TW£ t fe T iV r r y  c o e F P ic i& N T S  i n  S Q L .U T iO H
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H y s te r e s is ; B a r re n  and F a lc o n e r discussed re v e rs ib le  
exchange is o th erm s  f o r  In te ra c tio n s  o f  s im ila r ions bound to  
ad jace n t s ite s  on a c ry s ta llin e  exchanger m atrix©  T h e  fin a l 
expression f o r  th e  therm odynam ic  equilibrium  c o n s ta n t f o r  
exchange w as equivalen t to  t h a t  o f  K ie lia n d ^ *"^ , In which i t  
w as shown t h a t  f o r  th e  re a c t io n 9
As k  % r  ^ r y a t  *  B + a o U > °  log f  a  «  C N ^ ,  
and log ^  » C N  T 0 f  Q and j  a re  th©  a c t iv ity
c o e ff ic ie n ts  o f  th e  ions A v and B *  In th e  exchanger* and C  
is a  c o n s ta n t o T h e  expression derived  f o r  th e  equilibrium  
c o n s ta n t w a s , t h e r e f o r e 9 log Ko ~ log Na / h fl h/jy.'t c  ( i - £ H & ) c 
w h e re  m and N  re p re s e n t c o n c e n tra tio n s  in th e  solu tion and 
solid phases resp ec tive lyo  B a r re n  and F a lc o n e rg h o w e ve r*  
re la te d  C  to  th e  in te ra c t io n  en e rg y  w  b e tw e e n  B *  Ions 
occupying ad jacen t s ite s  on th®  c ry s ta llin e  m atrix©  When w  
w as p o s itiv e  th e  B v ions showed no ten d en cy  to  occupy ad jacen t 
s ite s  and th e  exchange Is o th erm  observed  w as sigmoidal©
I f 9 h o w e v e r5 w  w as n eg a tiv e  th e  B v Ions showed a tendency  
to  a g g re g a te  on ad jacen t s ite s  9 giving an Is o th e rm  In th e  shape  
o f  an ogee curve© (T h e  te rm s  sigmoid and ogee both  s ign ify  
S«shap@ d0 In  th e  p re s e n t w o rk  th e s e  te rm s  w ill be used to  
d escrib e  curves  o f  th e  ty p e s  shown In f ig u re s  (18} and (19)
I t  s
re s p e c tiv e ly e ) B a r r e r  claimed t h a t  such ag g reg atio n  m ight 
he asso cia ted  w ith  a d i f f ic u lty  o f  nucleating  a g row ing  phase  
in ok1 on th e  p a re n t phase o f  th e  exchanger c ry s ta lo  T h is  
would involve e x t r a  f r e e  energy te rm s  corresponding to  s u r fa c e  
ten s io n  and s tra in  9 and so delay spontaneous g ro w th  o f  c r y s ta l  
germ s in to  c ry s ta ll ite s  w ell p a s t th e  p o in t o f  t r u e  therm o dynam ic  
equilibrium  o In  th e  re v e rs e  re a c tio n  $ s im ila r caff ©at© would 
o c c u rf and sine© th e  w o rk  done ag a in s t s tra in  and s u r fa c e  
ten s io n  would be p o s itiv e  in ©ach ca s e , th e  r e s u lta n t  is o th e rm s  
would be ir re v e rs ib le  and show hysteresis®
{ 1QA 'i
B a r r e r  and H in d s ' ^'in equilibrium  s tu d ies  on
alum in osilicate  m a te r ia ls  have observed h y s te re s is  in  s e ve ra l
exchange s y s te m s , H a ’/ K "  exchange on a n a lc ite 9 and
N a +/ A g v » L i" 7 A g ' on basic cancrin iteo  In  ©ach case th©
is o th e rm s  w e re  basically o f  th©  ©g@® ty p e  and th e  ex is ten ce
o f  tw o  m utually  insoluble solid phases w as d e m o n s tra te d  In th e
p a r t ia lly  exchanged m ateria lso  A  s tr ik in g  exam ple w a s , h o w e v e r,
(22S)
re p o r te d  by B a r re n  and F a lc o n e r “ , In which th©  h y s te re s is
loops w e re  sigm oidal, w hile no conclusive evidence o f  th e
coex is tence  o f  tw o  m utua l solid phase could be d e te c te d  by
o p tic a l o r  X - r a y  m ethods o T h is  l a t t e r  case was analogous
„ ,  ^
to  t h a t  observed  f o r  C s v/ H  ‘ exchange on sirconium  phosphate©
A lth o u g h  th e  presen ce o f  sigmoidal r a th e r  th a n  ©gee curves  0 
in • th e s e  exam ples, m igh t be explained in te rm s  ad d itio n a l energy  
co n s id era tio n s , th e  q u a lita tiv e  app lication  o f  B a r r e r 5© Ideas  
m u st involve th e  concepts o f  nuclsation  and phase s e p a ra tio n  
w ith in  th©  exchanger o
C a p a c ity  d a ta  on th e  caesium and hydrogen fo rm s  o f  
3 j? P  in d ica ted  t h a t  only on® in te n  o f  th e  possible s ite s  In th e  
solid m a tr ix  a re  capable o f  exchange« O nly th is  f r a c t io n  o f  
s ite s  m ay th e r e fo r e  be considered to  be ad jac en t t©  
In te rc ry s t& llin e  channels, along which exchange o c c u rs 0 T h e  
p ic tu re  o f  SpP Is- th e r e fo r e  o n e  in  which, w e  have c ry s ta ll ite s  
o f  diphosphato s ir  conic acid p e rm e a te d  by In te r  c ry s ta llin e  w a te r ,  
such t h a t  on ly  s u r fa c e  phosphate  groups m ay exchange cation© 0 
T h e  re p la c e m e n t © f hydrogen f o r  caesium Ions on s u r fa c e  s ite s  
m ight th e r e fo r©  cause th©  re q u is ite  s u r fa c e  and s tra in  e f f e c t s  
req u ire d  f o r  h y s te re s is , w hile even com plete  conversion to  th©  
caesium fo rm  would leave th®  X«*ray p o w d er photographs  
s u b s ta n tia lly  u n a lte re d  0
G re g o r  B e lie  and M a rc u s  have a t te m p te d  t©  explain  
s e le c tiv ity  c o e ff ic ie n ts  in q u a te rn a ry  ammonium exchange res ins  
in te rm s  o f  ion asso cia tion  b e tw e e n  exchanger groups and 
c o u n te r !©ns<> In  o rd e r  to  explain m ore  complex ewehsMuae*
is o th e rm s  th e y  p o s tu la te d  f u r t h e r  asso cia tion  o f  th e  Ion 
p a irs  t o  fo rm  c lu s te rs  0 A n  is o th e rm  corresponding to
^  «*A* »
t h a t  f o r  G s ' / H  * exchange on S ? P  would th e n  correspond to  
a s y s te m , in which one o f  th©  exchanging c o u n te r ions fo rm e d  
random  ion p a irs  th ro u g h o u t th e  exchanger m a tr ix ,  w hile  th©  
o th e r  fo rm e d  c lu s te rs 0 T h e  p o ss ib ility  o f  h y s te re s is , which  
is  p u re ly  a  c ry s ta llin e  phenom enon, could n o t be considered In  
such e la s tic  organic  res ins  0
S e le c t iv ity  i  Th©  m o st s tr ik in g  p ro p e r ty  o f  sireonium  
phosphate Is  i t s  high a f f in i t y  f o r  caesium  and th e  alkali m e ta l
(S fi  ‘  \
ca tio n s  o A m p h le t t1 * and G a l and G a l" h ave  m easured  mas© 
d is tr ib u tio n  c o e ff ic ie n ts  ss (  m©q0/g o  o f  exchanger meq©/mlo 
o f  solution a t  equilibrium ) f o r  a lkali m e ta l s a lt  solutions in  
c o n ta c t w ith  th©  hydrogen fo rm  o f  alrsonium  phosphateo T h e  
re s u lts  in d ica ted  t h a t  th e  a f f in i t ie s  fe l l  in th©  series  
C s ”' y  K ’}‘ ^ N a v y i j V  9 which w as c o n firm ed  by Krsaxef**0)  
who has also no ted  s im ila r high s e le c tiv it ie s  when th e  exchanger 
w as la rg e ly  in th e  hydrogen f o r m 0 S e le c t iv ity  c o e ff ic ie n ts  
f o r  th©  G-s':/ H  ? equilibrium  on 23rP  (7 9 )  In f ig u re  (21) in d ica te  
t h a t  th e  exchanger indeed showed high s e le c tiv ity  f o r  G s v when  
la rg e ly  In th e  hydrogen fo rm *  H o w e v e r , as exchange proceeded  
and th e  caesium  c o n te n t w as ap p rec iab le , loading becam e  
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T h e  fe a tu r e s  o f  th e  re v e rs e  re a c tio n  w e re  e x a c tly  s im ila r o 
Th©  presenc© o f  h y s te re s is  and th e  s e le c tiv ity  p a t te rn s  In  
th e s e  exchanges l©ad9 In th e  absence o f  f u r t h e r  d a ta  to  th e  
fo llow ing  p o s tu la te  f o r  th e  exchange mechanism o W® may 
suppose 3 fro m  th e  la rg e  sis© o f  th®  u n h y d ra ted  caesium  Ion 
and th e  in creased  w a te r  c o n te n t o f  th e  hydrogen fo rm  o f  th e  
exch an g ers t h a t  th e  e x t ra  s tra in  and s u r fa c e  energy e f f e c t s  
o f  h y s te re s is  m ight be asso cia ted  w ith  loading and g ro w th  o f  
Os'"’ in a s e p a ra te  phase  upon th e  s u r fa c e  o f  exchanging  
c ry s ta ll ite s  o f  3 r P 0 I t  1© th e r e fo r e  p o s tu la te d  t h a t  th e  
caesium  fo rm  is in a high energy s t a te  due to  s tra in  9 and 
t h a t  th e  re d u c tio n  and invers ion  o f  s e le c t iv ity 9 which o c c u r re d  
w ith  in creas ing  caesium c o n te n t9 m ere ly  re f le c t©  th©  d if f ic u lty  
o f  nucleating  and grow ing  th©  caesium  phase a g a in s t In c reas in g
JL =r»
energy e f f e c t s  D Th©  In itia l s e le c tiv ity  f o r  H  o v e r C© 4 9 in
th©  ra v e rs ®  re a c tio n  , may th e n  b© explained as a mechanism o f  
red u c tio n  o f  excess en e rg y  in  th e  caesium fo rm  0 S ub sequ ent 
rem o val o f  O s ’5" m ay th e n  be considered as fo llo w in g  norm al
exchange  p a t t e r n s  © T h a t  t h e  t r u e  s e le c tiv i ty  I© f o r  O s ’ o v e r
a {109jH" Is su g g e s te d  f ro m  th© d a ta  o f  L*&rs@n and  V iese rs*  which
show ed  t h a t  r e v e r s ib le  exchange o f  I J t ’% H a v f and K *  Ions on
t h e  h y d ro g en  fo rm  o f  s i r  centum  p h o sp h a te  fo llow ed  t h e  no rm al
"7
a f f in i t y  s e r ie s , K *  N a ’r L ! v 0
Etaergy consld©ration s f o r  th e  re a c tio n
O s ' *  K  - ^ " d s  + H v 3 to  proceed fro m  l e f t  to  r ig h t
spontaneously , demand t h a t  th e r e  m u st b© an o v e ra ll loss in
th©  Gibbs f r e e  e n e rg y 9 ! 0©o ~ A Q  m ust b© p o s it iv e 0 I f  th e
<=$
caesium fo rm  o f  S ? P 5 { O b } 5 Is a  high energy  specie© t h e
energy  change f o r  th©  re a c tio n  would b© p o s itiv e * and In o rd e r
t h a t  A  Cj be n eg ative  a  n e t  in c re a s e  in  e n tro p y  would be
re q u ired  o T h e  process  o f  C s  *’ loading fro m  solution would
re d u c e 9 and th e  d isp lacem ent o f  H v fro m  -the m a tr ix  would
in cre ase  th e  entropyo Th©  o v e ra ll e n tro p y  change m u st
th e r e fo r e  depend upon th e  re la t iv e  m agnitudes o f  the©© e ffe c ts ©
T h e o rie s  o f  S e le c t iv ity  § Th© a f f in i t y  s e rie s  9
Gs*r >  Rfe 5 y  K v y  N a  ‘ y  L i  % is  assum ed a© th©
n a tu ra l o rd e r  o f  chem ical a f f in i t ie s  on zirconium  p h o sp h ate0
It .  is in a g re e m e n t w ith  t h a t  f o r  po lystyrenesulphonlc  aeld  
(1 ? 2)
exchangers 'c u t  e x a c tly  th e  opposite  f o r  polyc&rboxyiie acid
( 226) ~ ( 226)  % . T s . , , s « exch an gers0 Bragm an. 9 has explained th©  behaviour o f
th e  a lka li m e ta l Ions on w eak acid c a tio n  exchangers foyhth©
us© o f  Rob!n@on«-Harned«°Stokss hypo thesis  o f  ^localised
hydro lys is  BS0 (22?) s ta te d  t h a t  th e  p ro to n s  o f  n earb y
w a te r  m olecules repe lled  by a p o s itiv e  Ion possessed a c e rta in
M2
ten d en cy  to  fo rm  bonds w ith  p ro to n  a c c e p to rs 9 such as  
hyd ro xy l o r  a c e ta t©  ions p re s e n t in s o lu tio n 0 Th©  s tre n g th s  
o f  such bonds would th e n  depend upon th e  in te n s ity  o f  th e  
e le c tr ic  f ie ld  around th©  ca tio n  and th e r e fo r e  in crea se  fro m  
C s  to  L i  o T h e  a f f in i t y  f o r  a carbosylic  acid exchanger
» c  ̂ *5* r a3*
should th e r e fo r e  d ecrease  in th e  s e r ie s 9 L I  y  N a '  y  K " J> C s h  
( i io )
G u rn ey  % h o w e v e r, in tro d u ced  a  th e o ry  © f  
e le c tro ly te s  based on th e  conception o f  o rd e r  producing and 
o rd e r  d e s tro y in g  io n s9 which m ay b© used In th©  p re s e n t case© 
H© p o s tu la te d  s©ml“ ®m pirical!y t h a t  th e r e  w as a  c e r ta in  d eg ree  
o f  o rd e r  among m olecules o f  w a te r  a t  room  te m p e ra tu re ©
(ygg)
ta rg a n  and W a rre n  have also suggested t h a t  th©  a v erag e
num ber o f  n e a re s t  neighbours o f  a  w a te r  m olecule is ab o u t k Q 
a rra n g ed  t  e tra h e d ra lly t In a  c o n fig u ra tio n  o f  th e  lo w e s t  
e le c t r o s ta t ic  e n e rg y 0 A n  ion  in tro d u ced  in to  th e  w a te r  w ill 
in t e r f e r e  w ith  th is  s t r u c tu r e  in a  w ay w hich  I© dependent upon 
i t s  charge  and A ro u n d  ©ach ion In so lu tion  th© r©  is a
co«sphere o f  s o lv e n t9 contain ing a ll th e  m olecules o f  so lven t 
giving a m easurab le  c o n tr ib u tio n  to  th©  p ro p e r ty  being s tu d ied 0 
I f  an ion o f  high, fie ld  s tre n g th  § ©ogo L i " *  Is  in tro d u ce d  In to  
w a t e r 9 St w ill have a s tro n g  o rd e rin g  e f f e c t  upon th e  w a te r  
dipoles in  Sts co«»8phere9 re s u ltin g  In a h igher d eg ree  o f  o rd e r  
.oh an Son la  o rd e r  producing0 I f *  on  th e  o th e r  hand* th©
//?
Is  s© la rg e  as to  d is tu rb  th©  w a te r  s t r u c tu r e  due to  
g e o m e tric a l re a s o n s g th e  r e s u lt  Is a  b reakd ow n o f  th e  w a te r  
s t r u c tu r e  in th e  e©«*8ph©r@o T h e  weaker* e le c t r o s ta t ic  f ie ld  
I© incapable o f  o rd e rin g  th©  w a te r  dipoles to  any apprec iab le  
e x te n t  and ©o th e  io n9 e 0g 0 C s * s is o rd e r  destroy ingo  In  
connection w ith  ion exchange s e le c t iv ity , th e  t r e a tm e n t  o f  
m o re  c o n c e n tra te d  solu tions is  o f  special In te r e s t  0
A  c o n c e n tra te d  solu tion m ay b© re g a rd e d  as on© In  
which th e  ©©^spheres o f  th©  ions ar®  fo rc e d  to  overlap  o 
When th is  occurs  s s h o rt  range fo rc e s  develop* and a re  
superim posed upon e x is tin g  e le c tro s ta t ic  In te ra c tio n s  0 T h e s e  
fo rc e s  a re  a t t r a c t iv e *  o r  rep u ls ive  f o r  ion p a irs  o f  th e  sam e, 
o r  d i f fe r e n t  o rd e r  producing c h a ra c te r is t ic s  respective ly®
T h e  o rd e rin g  c h a ra c te r is t ic s  o f  th e  a lka li m e ta l ions rang©  
fro m  L i v , which is s tro n g ly  o rd e r  producing to  G s ’ 9 which  
is o rd e r  destroying®  C onsequently  th ©  in te ra c t io n  b e tw e e n  
th e s e  and any on© o f  th e  o rd e r  d e s tro y in g  halide lone in creases  
f ro m  Lriv to  G s v 0 G eneralising., th©  a c t iv ity  c o e ff ic ie n t  o f  
a s a lt  d ecreases  when w© go fro m  Ions o f  d iss im ila r o rd e rs  
d is o rd e r c h a ra c te r  to  th o s e  © f s im ila r c h a ra c te r  due t©  th®  
p resen ce  o f  th e s e  s h o r t  rang© forces®  W ith o u t th©  n ec e ss ity  
o f  any special h y p o th e se s 9 th e r e fo r e *  i t  fo llow ®  t h a t  th e
I 2 o
a c t iv ity  c o e ff ic ie n ts  o f  s a lts  o f  th e  alkali m etal©  w ith  o rd e r
producing anions0 e 0go O H "  and F*% decrease., in a g re e m e n t
(229 )w ith  th®  exp erim en ta l re s u lts  o f  S to k e s  and Robinson '  0 
I t  is n o t possible to  apply th is  th e o ry  to  s a lts  o f  th©  
t ra n s it io n  m e ta ls , because3 in th is  case* s tro n g  quantum ^  
m echanical fo rc e s  a re  superimposedo
In  th®  application o f  th e  th e o ry  to  ion exchanger 
eq u ilib ria» i t  Is o f  fu n d am en ta l In te r e s t  to  know  w h e th e r th©  
fu n c tio n a l exchange group is o rd e r  producing o r  destroyingo  
Th©  anion o f  a  w eak acid would b@ expected  to  he o rd e r  
producing w hile t h a t  o f  a s tro n g  a c id , o rd e r  destroyingo  
In  a g re em e n t w ith  th ia 8 th e  p e rc h lo ra te  Ion is s tro n g ly  o rd e r  
d e s tro y in g  due to  th e  la rg e  s ize  o f  th e  p e rc h lo ra te  ion and th©  
even charge d is trib u tio n -, by resonance o v e r th®  fo u r  oxygen  
a to m s  o W hile th e  o rd e r  producing c h a ra c te r  o f  th e  a e e ta t©  
io n 3 which is shown by th e  d ec rea s e  in a c t iv ity  c o e ff ic ie n ts  o f  
th e  alkali a c e ta te s  fro m  C s v to  g js pg^bably due to
th e  lo ca lisation  o f  charge on on© o f  th e  oxygens o f  th e  
carb oxyl group 0 On th is  basis w e may .re g a rd  th©  sulphonate  
group o f  th e  s tro n g  aeid exchangers as o rd e r  d e s tro y in g s and 
h en ce9 th e  s e le c tiv ity  f o r  alkali m e ta l ions to  b e g.
Cs^’ J> K  / '  N a ‘ ^  L i ' ,  as o b served P ^ ^ o  T h e  o rd e r  producing
/ a /
carboxyl group o f  th© m e th a cry lic  acid exchangers w ill
fiss)th e r e fo r e  fa v o u r  an inversion o f  th e  above s e le e tiv it ie s  • 0
We may now discuss th e  s e le c tiv ity  o f  3 r P  in te rm s
o f  G u rn ey3© th eo ryo  C hem ical evidence* P a r t  I I *  suggests
t h a t  phosphate Is p re s e n t a s g S r©  ( H P o ^ ) 3 5 so t h a t  th e r e
a r e 3 a t  le a s t in th e o r y 8 tw o  dissociable hydrogen ions
corresponding to  th e  f i r s t  and second d issociations o f
phosphoric aeido A c t iv i ty  d a ta g h© tv e v e r 3 shows t h a t
y ±  ICHg P o k < ( j t  N a H g P o ^ , and )J ± K 2 H B o k > ^ ±  N a gH P s ks
w h ere  & t  re p re s e n ts  mean a c t iv ity  c o e ffic ie n t©  o f  th e  species o
I t  is possible t h a t  H g P o ^  is o rd e r  d e s tro y in g 8 so t h a t  i f
only one hydrogen ion  d isso c ia tes  fro m  22r P  th©  fu n c tio n a l
group o b ta in e d 5 Z r O  -  H P o ^  w ill be o rd e r  destroyingo I f  9
h o w e v e r3 both, hyd rogen  ions d is s o c ia te 9 ©Ogo In alkaline s o lu tio n 9
th e  re s u ltin g  fu n c tio n  group 9 corresponding to  H P o j, s would be
o rd e r  producing» In  acidic so lu tion©9 t h e r e f o r ©9 2 r P  would be
(39)expected  to  have th e  a f f in i t y  s e ries  described  by A m ph& ett §
in which C s v is m ost s tro n g ly  h©!dc, while in alkaline solutions
L i v would fe© p r e fe r r e d  o
U n fo r tu n a te ly 5 th e  ex ten s ive  hydro lys is  o f  2 r P  In 
alkaline solution p reven t©  d e te rm in a tio n s  o f  s@leetivlti@s m  
th is  medium o A  su itab le  model system  9 how ever 9 is available
(3P8)in  th e  phosphonle acid res in s  described  by B re g m a n 1 J o 
T h e  phosphonle exchanger* M a le ite  x « BA9 S contained an 
exchange group s im ilar to  p h o sp h ate9 and m ay be re p re s e n te d  
by R o P O f O H j p ,  w h ere  B  re p re s e n ts  th e  re s in  m a tr ix  o I t  
w as shown to  b© s ta b le  in acids and b a ses 9 and to  have tw o  
dissociable hydrogen ionso B regm an  fo u n d 9 in p lo tt in g  
s e le c tiv ity  c o e ff ic ie n ts  f o r  H a  / H 4 exchange ag a in s t p H * 
t h a t  a t  pH  <V 6 an invers ion  o f  s e le c tiv ity  o c c u rre d * a© t h a t
a t  high pH  N a + and a t  Sow pfJ.K'®’ Ions w e re  s e le c te d 0 T h is) “ /
is  In a g re em e n t w ith  G u rn ey 9© th e o ry *  su p p o rtin g  th©  p o s tu la te  
t h a t *  in acid solu tions* the- s e le c tiv ity  o f  2 s*P f o r  a lkali m e ta l 
Ions can only be accounted in te rra s  o f  mono fu n c tio n a lity  o f  
th e  exch an g er0
H y d ro u s  Lg frc q n ia s I t  is  se e n  f ro m  ta b le s  0 9 ) 9 (BO} $ and
(SI) 5 t h a t  th©  a f f in i t y  o f  hydrous s irc o n ia 5 f o r  th©  m onovalent
anions* lias In th e  aeriess .C N S  )> M O c, a /  G lra0 A c t iv i ty  d a ta
f o r  th e  potassium  s a lts  showed th e  fo llo w in g  tre n d  o f  th e  mean
a c t iv ity  co ® f f i  e ie n ts *
6 ± K H O j y  ± K C M S  2f ± K G 1S in d icating * in
(5 io)
te rm s  o f  G u rn e y 3© th e o ry  " t h a t  th e  o rd e r  d e s tro y in g  
p ro p e rt ie s  o f  th e  Ions lie  in th e  s e ries  9 N o "  C N S ” ^  C L  
A lth o u g h  th e r e  was a re v e rs a l o f  o rd e r  b e tw e e n
'2.S
had th e  g r e a te s t  o rd e r  d e s tro y in g  p ro p e r t ie s  9 was only  
w eakly  held* In d icating  an o rd e r  producing exchange s lt© 0 
F o r  th e  d iva len t exchange o f  S O f  and © g O j 9 th©  
o rd e r  o f  a f f in i t y  was*  S O j ’ ]> S g O f  o A c t iv i t y  d a ta  f o r  
th e  sulphates o f  th e  alkali m eta ls  showed no c o n s is te n t t r e n d 8 
and yielded no in fo rm a tio n  re g ard in g  th©  o rd e rin g  p ro p e rtie s  
© f th e  ionSo H o w e v e r9 sine© SgOcT could fee re g ard ed  as an
n z
S O , Ion in which on© oxygen a to m  w as rep laced  by a la rg e r  
and m ore  po larisab le  sulphur a to m * i t  would be reasonab le to  
suppose t h a t  th e  o rd e r  d e s tro y in g  n a tu re  o f  SpO ~%  would be
•V e J
g r e a te r  th a n  t h a t  o f  S O f %  T h e  observed  s e le c tiv ity  f o r
S O f ,  th e n  suggests t h a t  th©  exchange s it©  on  hydrous s irconia  v  6
Is one© again o rd e r  destroyingo
T h e  physical p ic tu re  o f  hydrous s ireon ia  p o s tu la te d  in 
P a r t  X I 9 suggests t h a t  s ircon ia  a c t s  as a p ro to n a te d  oxid©
In solutions o f  low  p H  0 S uch  p ro to n & te d  s ite s  would b© 
exp ected  to  be s tro n g ly  o rd e r  producing* and so fa v o u r  th©  
s e le c tlv it le s  observed 0
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